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MMBPUAHBIE HECUHTYNAPHBIE PELLEHWA MOLENN SMHLWTEMHA-FAYCCA-EOHHE

CTaHOapTHas KOCMOJIOTMYEecKaa MO/e/lb, OCHOBAHHAA Ha KOHLUenumMu bosblioro B3pbiBa, HEM3OexHOo
CTa/IKMBAETCA C NPOB/1IeMOMN HaYyaIbHOM CUHIYIAPHOCTK, B KOTOPOM TEPAIOT MPUMEHMMOCTb COBPEMEHHbIE hU-
3Myeckmne 3akoHbl. OHUM M3 aNbTEPHATUBHbBIX NOAX0A0B K Pa3peLleHnto AaHHOM Npobaembl ABNAETCA Teopua
KOCMOJ/IOTMYECKOro OTCKOKa, npeanonaratowlas ¢asy ckaTus, NpeawecTByOLYO pacluMpeHnto BceneHHoM.
OaHaKOo TPaAULMOHHbIE MOAEIN OTCKOKA YacTo NpoTMBopedaT MHOIALUMOHHON TEOPUN U MOTYT NPUBOANTL K
AMHAMUYECKUM HecTabuibHOCTAM. B gaHHOM paboTe npeacTas/ieHa HOBas MOZAE/ b KOCMOJIOTMYECKOro OT-
CKOKa, OCHOBaHHasA Ha MOANPULIMPOBAHHOM rpaBuUTaUmMmM dMHWTEeNHa-Maycca-boHHe ¢ maclTabHbIM pakTopom
MBPUAHOrO TUMNA, COYETAIOLMM NMPEMMYLLECTBA CTEMEHHOIO M 3KCMOHEHLUMabHOro paclumpeHus. Ons npo-
BEPKM COOTBETCTBMA MOAeNN Habto4aTe /IbHbIM JaHHbIM NpuMeHeH meToa MapkoBckux Lenei MoHTte-Kapio
C MCcnosib3oBaHMeM AaHHbIx Pantheon+ 1 SHOES. MoKasaHo, YTo NpeanoxXeHHas Moaenb cTabuibHa, 4To noa-
TBEPKAAETCA MONOKUTENbHBIMW 3HAYEHUAMM CKOPOCTU PacnpoOCTpaHeHUA BAaPUOHHbIX OCLUUANALNIA, @ TaKKe
obecneynBaeT NaBHbIK Nepexos 0T 3aMeAIeHHOTO PaCLUMPEeHMs K YCKOPEHHOMY. AHanN3 paHHMX cTaaui
3BOMIlOUMKM BceneHHoOM npoBeAeH Ha OCHOBE MapaMeTpoB Me/IeHHOrO CKaTbiBaHWA, AEMOHCTPUPYHOLLMX
Hannume MHGAALMOHHON dasbl M ee AOCTAaTOYHYIO NPOAOIKUTENBHOCTL. [JONOAHUTEIbHASA NPOBEPKa MOAENN
OCYLLEeCTB/IEHA NyTEM CPAaBHEHMA TEOPETUYECKMX NPeacKa3aHnii ¢ AaHHbIMM HabatoaeHn Planck 2018, obpa-
HOTaHHbIMM C MCMOL30BAHWEM CTaTUCTUYecKoro Koda Cobaya. MonydeHHble pe3yabTaTbhl NOATBEPKAAIOT BO3-
MOHOCTb PeasiM3aLmmn yCTOMYMBOrO KOCMOJIOTMYECKOrO OTCKOKA, COracytolleroca ¢ MHGAALMOHHOM napa-
ANTMOW U COBPEMEHHbBIMM KOCMOIOTMUYECKMMU OTPaHUYEHUAMM.

KnioueBble cnoBa: KOCMOJIOrMA OTCKOKa, cuHrynapHocTb, MCMC, nHdnauma, SnHwTenH-Iaycc-6oHHe.
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AHWTEeNH-Iaycc-BoHHE MoaeniHiH TMBpUATI CUHIYNAPAbI eMeC LWeLlimAaepi

YnKeH *apblabiC TyKblpbIMAAMaCbiHA HETi3AeNreH CTaHAAPTTbl KOCMONOTMANBIK MOAENb Kasipri dusnka-
NbIK, 3aHAAP/AbIH, KONAaHbINYbIH XOFanTaTbiH HacTankbl CUHIYNAPAbIK NpobaemacbiHa Tan 6onaapl. by mace-
neHi welnyaiH 6ip 6anamacbl — FanaMHbIH, yAFatobliHA AENiHIT Kbicy da3acbiH HOMKANTbIH KOCMONOTMANbIK Cep-
ninic Teopuackl. Ananaa, A3CTYpAi cepninic moaensaepi kebiHece MHONAUMANBIK TEOPUAFA Kalllbl Keneai
KoHe AMHAMMKANbIK TYPAKCbI3[bIKKA 9Kenyi MyMKiH. Bya Kymbic DMHWTENH-Taycc-boHHe moandbuKauma-
NaHfaH rpaBuTaLMAFa HEri3genreH, O3PEXeNiK KaHe 3KCMOHEeHUManAbl YAFatoAblH, apTbIKLWbIIbIKTAPbIH
6ipikTipeTiH rmbpunaTti TMNTI MacwTabTbl GaKTOPAbl KONAAHATbIH KOCMOOMMANbIK KanmbliHa KeNTipyaiH, *KaHa
MoAeniH ycbiHaasl. MoaenbaiH 6aKkblnay AepeKkTepiHe COMKECTIriH Tekcepy yuwiH Pantheon+ kaHe SHOES
yArinepiH KongaHa otbipbin, MoHTe-Kapaio MapKoB Ti3beKTepiHiH, aici KoNaaHbiAAbl. ¥CbIHbIAFAH MOAeNb Ha-
PUOHAbIK TepbenicTepain Tapany KblaAaMablFbIHbIH OH MaHAEPIMEH PacTabin, AMHAMMKANbIK TYPAKTbIIbIKKA
ne, COHbIMeH KaTap bany yafatogaH yaemeni yaratofa bipTiHAen aybicyAbl KaMTamMachI3 eTedi. fanamHbiH 3BO-
JOUMACHIHbIH, aNFallKbl KeeHaepiH Tangay MHOAAUMANBLIK da3aHbiH OONYbIH KaHe OHbIH, OJaH 9pi yaFatobl
YWIiH YKEeTKINIKTI y3aKTblfblH KepceTeTiH Daay Cblpfy NapameTpaepiHe HerizgenreH. MogenbAi KOoCbIMLIA
TeKcepy YUWiH OHbIH Teopuanbik bomkamaapbl Cobaya cTaTUcTMKanbIK KoabimeH eHaenreH Planck 2018 6akbl-
nay fepeKtepimeH canbiCTbipblaabl. AnbiHFaH HaTUXReNep MHOAAUMANBIK Napadmurmara »aHe Kasipri Kocmo-
NIOTUANBIK, LIEKTEYIepre CalKec KeneTiH TYPaKTbl KOCMOMOTUAbIK CePNiNICTi Ky3ere acblpy MyMKIHAIrH pac-
Tanapl.

TyliH ce3nep: cepninic Kocmonorua, cuHrynapasik, MCMC, nHonauma, InHwTenH-Maycc-boHHe.
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Hybrid nonsingular solutions of the Einstein-Gauss-Bonnet model

The standard cosmological model, based on the concept of the Big Bang, inevitably faces the problem of
an initial singularity, in which modern physical laws lose their applicability. One of the alternative approaches
to solving this problem is the theory of cosmological bounce, which assumes a phase of contraction preceding
the expansion of the Universe. However, traditional bounce models often conflict with inflationary theory and
can lead to dynamic instabilities. This paper presents a new model of cosmological bounce based on modified
Einstein-Gauss-Bonnet gravity and using a hybrid type scale factor combining the advantages of power and
exponential expansion. To verify the correspondence of the model to the observational data, the Markov chain
Monte Carlo method was applied using Pantheon+ and SHOES datasets. It is shown that the proposed model
has dynamic stability, confirmed by positive values of the propagation speed of baryon oscillations, and pro-
vides a smooth transition from decelerated expansion to accelerated expansion. The analysis of the early
stages of the Universe's evolution was carried out based on slow-roll parameters, demonstrating the presence
of an inflationary phase and its sufficient duration for subsequent expansion. Additional verification of the
model was carried out by comparing theoretical predictions with Planck 2018 observational data processed
using the Cobaya statistical code. The results obtained confirm the possibility of realizing a stable cosmological

rebound consistent with the inflationary paradigm and modern cosmological constraints.
Key words: bounce cosmology, singularity, MCMC, inflation, Einstein-Gauss-Bonnet.

BBeaenne

CoBpeMeHHasi KOCMOJIOTHsI 0a3upyeTcs Ha TEOo-
puu bomeimoro B3peiBa, KoTopas ycrenHo o0Obsc-
HsieT (OpMHUpPOBAaHUE KPYITHOMACIITAOHOH CTPYyK-
TYpPbI ¥ PEJIMKTOBOTO u3ny4yenus [1]. Oxnako Mojesb
COJIEPKUT B ceOe MpodIeMy NepBUYHON CHHTYIISIPHO-
CTH, U3-32 KOTOPOI HAYaIbHBI MOMEHT BPEMEHH Xa-
pakTepusyeTcs OECKOHEYHON TeMIIepaTypOu U IJI0T-
HOCTBIO [2]. Hann4une CHHTYJISIPHBIX 3HAYCHU I BBIXO-
IUT 32 paMKd OOIIed Teopuu OTHOCHUTEIHHOCTH U
OCTaeTcsl HepemeHHon npobiemoit. J{ms moncka pe-
IICHUH HEOOXOJMMO BBEJICHHUE HOBBIX (PU3NYECKUX
MEXaHHW3MOB, ITO3BOJISIONINX OIUCHIBATH PaHHHE
ATarbl ABOJIONUHN BeenenHol 6e3 HadaabHON CHHTY-
JITPHOCTH.

OmHUM U3 BO3MOXKHBIX PEIICHUH SIBIISETCS MO-
JIeNb  KOCMOJIOTHYECKOT0 OTCKOka (cosmological
bounce) [3]. B momensax Takoro Tuma ¢ase pacimpe-
HUS TpeamecTByeT ¢aza cxarusa Beenennoit. Takum
oOpa3oM ymaercsa u30€X)aTh HAIWYMS HadaIbHOU
CHUHTYJIIPHOCTH M OCYIIECTBUTh HEMPEPHIBHOCTH
sBoonuu  Beemennoi. OpHako, OOJBIIMHCTBO
MPeIOAKEHHBIX MOJIeNIeH TPOTUBOPEYAT TEOPUH KOC-
MOJIOTHYECKON MHQIIAINHU, KOTOpas YCIENHO 00bsC-
HSIET MepBble MTHOBEeHUs mociie bosbmioro B3peiBa
[4]. K Tomy e mocneqHue TOCTHKEHHS HaOIo/Ia-
TEIHHOW KOCMOJIOTUM TIO3BOJIMIIM BBISBHTH OoJiee
YETKHE OTPAaHWYCHHS Ha CYIIECTBYIOIINE MOMICIH
panneii Beenennoii [5]. Habmoaenus moATBEPIAIN
HAaKJIOH CIEKTpa CKAISIPHBIX BO3MYIIIEHUH g B Kpac-
HY0 007acTh Ng < 1, 4TO XapakTepHO It HHDIAIH-

OHHBIX MOJZeNIel. B MOzensax KOCMOJIIOTMYECKOro OT-
CKOKa, HANpOTHB, HAKJIIOH CIEKTpa WMEET CHHUM
HakIOH ng > 1 [6]. TTomMmuMoO TPOTHBOpEUHIA C WH-
(GnAUMOHHON TeopHued, HEKOTOpBIE MOJENN Hapy-
HIAI0T YCIOBUE CTAaOMIIBHOCTH, OCHOBAaHHOE Ha CKO-
POCTH pPacHpOCTpaHEHHs OApUOHHBIX OCLWUISLNN
CZ [7], 4To MPUBOAUT K MPOTHBOPEUHUSAM, CBA3AHHBIM
¢ MO3IHUMH 3TanaMu pacupenus: Beenennoit. Tem
HE MEHee, NePCIEKTHBA PEeLIeHHUs TPOOIeMbl Hauallb-
HOW CHHTYJISPHOCTH TpPU TOMOIIM KOCMOJIOTHYE-
CKOT'0 OTCKOKA OCTaeTCsl aKTyaJbHOM W HabupaeT mo-
MyJIIPHOCTbH MOCIIEHUE HECKOJIBbKO JieT [8—10].

Lenbto paboThl sBIsieTCsl pa3paboTKa U TECTHU-
poBaHHE MOJETH KOCMOJIOTHYECKOrO OTCKOKa, JIU-
IIEHHON KJIAaCCHYECKUX HEIOCTATKOB TaKOTO THIIA
Moxeneit. Jlns peanmzanuu KW3HECTIOCOOHOH MoO-
JieN pa3paboTaH HOBBIM MaciiTaOHBIA (akTop wmc-
MOJIB3YEMBII COBMECTHO C MOJIENBIO ONHINTEHHA-
I'aycca-bonne [11]. Beibop naHHOM MOJEH OCHOBAaH
Ha ee MEePCIeKTHBHOCTH B cepe MccieJ0BaHus rpa-
BUTanMOHHBIX BOJH [12]. TIporpecc B chepe Habiro-
JICHHS TPaBUTALMOHHBIX BOJIH B Omipkaiimem Oymy-
[IeM TIOMOXET JTydllle MCCIIE/I0BAaTh CaMble PaHHUE
aTanbel  QopMHpOBaHHS BceneHHOH, Ha KOTOpBIE
HaleJeHa naHHas pabora. [lpemmymectBom mac-
mrabHoro (akropa TMOPUAHOTO OTCKOKA SIBIISETCS
BBICOKAs CTENICHbh YHUBEPCAILHOCTH, OCHOBAHHAS Ha
OJTHOBPEMEHHOM HCIIOJIb30BaHUHU CTEIICHHOTO U JKC-
MOHEHIMAIBHOTO TUNa pacmupeHus. Hamuume mo-
MOJIHUTEJIBHBIX IPOMEXYTOUHBIX 3HA4YEHUIl IO3BO-
JsieT 60Jiee TOHKO HACTPOUTh MOZETIb.
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MMbpuaHbIE HECUHIYNAPHbIE PeLleHns Moaenn dMHwWTenHa-Maycca-boHHe

Jloka3aTenbCTBO KU3HECIIOCOOHOCTH MOJETH
CTPOUTCSI Ha aHAJIM3€ PAHHUX U IMO3IHUX HTAIOB pac-
mupenust BcenenHol. [[nsi cpaBHEHUsT MOJENU C
HaOJIONEHUSIMA HCIIOJIB30BaH METOA MapKOBCKUX
nerredr MonTte-Kapmo (MCMC) coBMeCTHO C naH-
ueiMu Pantheon+ u SHOES [13]. Ha ocHoBe crartu-
CTHUYECKOTO aHajlu3a BBIYHCIISIIOTCS TOYHBIE 3HAde-
HUS TapaMeTpoB MacITaOHOTO (haKTOpa, UCHOIb3Y-
eMble Janee IJIs aHain3a CTaOMIbHOCTH MOJENU U
JUHAMHUKH YCKOpPEeHHoro pacimupenus. IIposepka B
paMKax paHHed BceleHHOM OCHOBaHa Ha IapameT-
pax MEAJICHHOTO CKAaThIBAHUS, IOKA3bIBAOIINX HAJIM-
gyre NHQISIIUY U €€ JOCTaTOYHYIO JJIUTEIbHOCTD IS
JnanpHeiero pacmupenus. OTCyTCTBUE IPOTUBOPE-
YHii ¢ TeOpuei NHQIIAUK JOTTOTHUTENBEHO MTPOBEPSI-
eTCsl CpaBHEHHEM C JaHHbIMH HaOmronmeHus Planck
2018 ¢ ucnonnp3oBanueM koga Cobaya s cTaTUCTH-
gyeckoro ananusa [14]. CpaBHUTEIbHBINH CTATHCTHYC-
CKHUI1 aHaIN3 MO3BOJISIET IPOBEPUTH HAJTMYUE IPOTH-
BOpEYHH C HAKJIOHOM CIIEKTPa CKAISAPHBIX BO3MYILE-
HUU Ng. J[ONOJHUTEIBHON CTYIIEHBIO IIPOBEPKH SIB-
JSIeTCS aHAIN3 PACXOXKICHUS Pe3yIbTaTOB CTaTUCTHU-
YECKOIo aHaJlM3a B paMKax paHHell u mo3zaHed Bcee-
JIEHHOM.

YpaBHeHHs ABHKEHUS] 1 MACIITA0HBINA (ak-
TOP rUOPUIHOIO OTCKOKA

JlelicTBuE WUCCIEIyeMONl MOJEIN COJEPKUT
KOMITOHEHTBI CKaJIIPHOW KPHUBH3HBI MPOCTPAHCTBA,
CKaJIIPHOTO OIS, (PYHKIWIO CBS3W M WHBapHaHT
I'aycca-bonHe.

1 1
5= [ d*xy=g[3R+39% V) - £@6].

rie g — ONpeAenuTeNh METPUYECKOTro TeH30pa; R —
CKaJIsipHAasl KPUBHU3HA MTPOCTPAHCTBA; (9 — CKAISIPHOE
noe; V(@) — norennuan ckanspuoro most; (@) —
¢bynkuus cBa3u; G — naBapuant [ aycca-bonne.

WNuBapuant I'aycca-bonne u ckansip Puyun BbI-
YUCIIAIOTCA TI0 (hopMyIiam

R = g"* Ry, (2)
G = RiklmRiklm - 4‘RL'kRik + RZ, (3)

rae R;, — ten3op Puuuu; Ry, — TeH30p Pumana.
Bapwuanus neficteus (1) mo MeTpuieckomy TeH-
30pPY gyv NPUBOJIUT K YPABHEHHIO MOJIs BU/A

1 1 1 1 1
0= _<_ Ruv + E guvR) + Eau§0 o — Zguvap(p ap(p - Eguvv((p) -

2

2 (7% €(@)) R + 2Ry (V2E@))R + 4 (7,0, £(@)) RY + 4 (V,7, () R —

- 4(725((/)))}?;11/ - 4guv (VpVa E(q’)) RP? + 4(|7p ve f(fp))Rupva- (4)

Mopnens wuccnenyercs B paMKax METPHKH
Opunmana-PobepTcoHa-Yokepa, XapaKTepH3ylo-
el 4eThpeXMepHyIo, MIOCKYIO, OJHOPOJHYIO U
M30TPOIHYI0 BeeneHnyto.

ds? = —dt? + a?(t)(dx? + dy? + dz?), (5)

Kopens onpeaenuresns METPHIECKOTO TEH30pa
B TaKOM ciyd4ae ./—g = ad. Hcmons3yeTcs ecte-
CTBEHHAs CUCTEMA eMUHUL BTG = Mlj 2=h=c=

1. Mcnonp3oBaHue METPHKH (5) COBMECTHO ¢ (op-
Mynamu (2, 3) u ypaBHeHUEeM ToJs (4) TIO3BOJISET
MOJIyYUTh YPABHEHUS JABHIKCHUS.

p=—-3H%-2H =
1 . . .
= §<p2 —V —16H(H + H?)¢ — 8H?¢, (6)

—3H2—3‘2+V+24H3’ 7
p= =59 ¢, (7)

@ +3Hp + GE, +V, = 0. (8)

B pamkax wmccneayemoii MoJenu ypaBHEHUS
(6, 7) sBisrOTCS MOAM(PHUIUPOBAHHBIMU YPaBHEHH-
ssmu @puiMaHa, B KOTOPBIX P — IaBJI€HUE, P — TUIOT-
HOCTB dHepruu. MoauduimpoBanHas Bepcus ypas-
Henusi Kieitna-I'opona 3amana ypaBHenuem (8).
Jist peanuzaiy KOCMOJIOTHYECKOTO OTCKOKA pas-
paborana wmojudukanus THOPWUIHOTO MacHITad-
Horo (hakTopa, KOMOMHUPYIOIIAs CTENICHHYIO M DKC-
MOHEHIMAIBHYIO YacTH, rie mapameTp @ K 1.

a(t) = a + Be?t’t29, 9)
rae f3,y, 8 — napameTpsl MacIiTabHOro ¢akropa.

MacmtaOHbIi GakTOp TAKOTO THITA TTO3BOJISET
JIOCTHYb BBICOKOW CTETICHW YHUBEPCAIBHOCTH II0-
nydaeMbIx petienuil. Tak, ciryqait y = 0 oOecrieun-
BaeT crereHHoe pemienue. Ciryuait § = 0 mpeoOpa-
3yeT MaciITaOHbIH (BaKTOp B 3KCHOHEHIHATbHBIN
BH. J[OTIOTHUTEIBHBIM MMPEUMYIIIECTBOM SIBIISICTCSI
HaJTu4Ke IPOMEXYTOUHBIX CIy4YacB, B KOTOPHIX Y >
0 u 6 > 0. Hamuume cummerpun, HEOOXOAUMOI
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IUIs1 KOCMOJIOTHYECKOT'0 OTCKOKa, 00eCTIeYeHO KOM-
TIIOHEHTaMH BpeMeHU Buja t2. JIjs HarIsaHOCTH
BCE MTOABHUABI MCIOIL3YEMOTO MacITabHOro (ax-
Topa n300paskeHbl Ha pUCYHKe 1.

y=0

o PETIE. . U ASEHL JEEAN — .

Pucynok 1 — MacmraOHeiii pakTop THOPUAHOTO
orckokampuy = 0,6 =0uy > 0,5 > 0.

Jlanee, HEOOXOAMMO BBIYHCIHTE Oe3pazMep-
HbI TlapameTp Xa00ja, MOJy4YaeMblii Ha OCHOBE
MacmrTaOHOro (akTopa 1o Gpopmyre

a(t) _ 2B (8 +yt?)
a(t)  t(at=28 + Bert®)’

h(t) = (10)

2 —

4Beyt2t28—3 (BeytthG(ytZ _ 8)) (—16flﬁe27t2t4‘5(6 + )/tz) + ﬂeyt2t26+1)

Mopens Oinmrelina-[aycca-bonne (1) ak-
THBHO MCIIOJIB3YETCS U MCCIICIOBAHHS IPaBHTa-
IUOHHBIX BONH. Mccmemoanus [12,15] mokasanw,
YTO CKOPOCTh PaclpoOCTPAHEHUS TPABUTAIIMOHHBIX
BOJIH B MOJICJT OCHOBBIBACTCS HA YPAaBHEHHUHU TIOJIS
(4). Os coorBercTBHs HAaOMIOAeHUAM [16], MOmKHO
BBIMOJTHATBCS YCIIOBHE

E—HE=0. (11D
IMoacranoBka mapameTpa Xa0O6ma (10) B

ycnoBue (11) TO3BONISIET BBIYUCIHUTH (DYHKIHIO
CBSI3U, COOTBETCTBYIOIIYIO OTPAaHUYCHUSIM.

Et)=¢&, — %fltl_“Ei(% + 36, 3yt2>, (12)

rae &y, &, — mapameTpsl GyHKIUH cBs3u; Ei — unTe-
rpajbHasl MOKa3aTe/ibHast (yHKIIHSL.

Kom6Ounanus ypasHenuii (6) u (7) ¢ moiy-
YEeHHBIMH 3HAYCHHUSAMH TapameTpa Xao6ma (10) u
(hyaxaun cBs3u (12) TPUBOINT K IMTOTYICHUIO KUHE-
TUYECKON MU TOTEHUMAJbHONM YacTH CKAJISPHOIO
oISt

(p_

, (13
(BeYt2t28)3 (13)
_ BeYt28(8(68 — 1) + 6y2tt + t2(12y8 +Y)) y
) (Beve*¢28)’
X 2Be¥t t2073(168&, 21t t49 (8 + yt?) — ert t20+1), (14)

AHaJau3 napamMeTpoB paHHeil u no3aHeil Bee-
JICHHOI

[TosyueHHbIE pelIeHkss HEOOXOIMMO TPOTECTH-
pOBaTh B paMKax MO3JHUX M PAHHUX JTArOB PACIIU-
penunst Beenennoit. Oqaaxo macitabubiii haxrop (9)
COJICPYKUT CBOOOJIHBIC MapaMeTpbl, 0€3 TOYHOTO
oTpe/eNieHusT KOTOPhIX JAadbHEHIINH aHaIH3 HEBO3-
MoxeH. [t obecieuennst 00bEKTUBHOCTH BBITHCIIC-
HUM HEOOXOIMMO HMCIIONIE30BATh METO/BI, OCHOBAH-
HbIC HAa CPAaBHEHHWM C JAHHBIMH HaOromeHui. J[is
amanmsa moxenn (1) B pamkax mosaHei BcenmeHHOM
HCIONB3yI0TCs nanubie Pantheont u SHOES [13], co-

1
sw(yan™ 3)
owlHe)

Jepkamye u3MepeHus xapaktepuctuk 1550 cBepx-
HOBBIX TWIa la B JMana3oHe KpacHBIX CMEIICHUH
0.01 < z < 2.26. Ananu3 napameTpoB paHHeil Bce-
JIEHHOW OCHOBaH Ha CPaBHEHWHU MOJEIH C JIaHHBIMU
Planck 2018 [5].

IlepBbIM marom ajis aHaiusa nozaHeid Beenen-
HOW SIBIISIETCS TEPEXO0]l B TEPMHUHBI KPACHOTO CMeTIIe-
uus a(t) = (z + 1)1, Bnarogaps TakoMy Hepexomy
€CTh BO3MOXHOCTh OLICHUTh OTHOCHTEIBLHO TOYHOE
BpeMs coOBITHH. L{eneBbIM pe3yapTaToM mpeodpaso-
BaHUs sBIsETCS Oe3pa3MepHBIN mapameTp XaO0:ma,
Ha OCHOBE KOTOPOI'O IMPOUCXOMIST JajbHEHIINE BbI-
YHUCJICHUS

1
1 1 2

o5 ) o sy

h(z) =

aw(
2B,/yBe

(15)

b)) |



MMbpuaHbIE HECUHIYNAPHbIE PeLleHns Moaenn dMHwWTenHa-Maycca-boHHe

roe W(x) — dynaxums JlamGepra [17]; z — kpacHoe

cMmerienue. [lanee, 6e3pazmepHsiii napamerp Xa0d0ia

B TEPMHHAX KpacHOTO cMemieHus (15) ucnonp3yercs

d (1+)sz z_ 5[log,o(d;) + 5]
= 7)) — _ = 0 ,
L Hy ), h@) H g1o0lay

rze ¢ — CKopocTh cBeta; Hy — mapamerp XaO0ma B
Hacrosiee Bpems (pu z = 0).

I manpHEHIIe CTaTHCTHYECKOH 00paboTKH
JIAHHBIX HAONIOJICHUN M TCOPETHUYCCKUX 3HAYCHHMA

I\
IIII.‘W

JUTSL BBIYKMCIICHUS PACCTOSIHHSL CBETUMOCTHU d, KOTO-
poe naiee, Ucroib3yeTcs B popmyie Gporomerpuye-
ckoro paccrosius (1 [18].

(16)

(OTOMETPUYECKOT0 PACCTOSHHS TPUMEHSCTCS METO
MCMC. PesynpTaThl ONTHMH3ALMH IaPaMETPOB
MaciTabHOTro GaKkTopa MoKa3aHbl Ha PUCYHKE 2.

o My
oo

Pucynok 2 — Konrypsl nocroBeproctu 68% u 95% onTuMu3upoBaHHBIX TApaMETPOB MAacIITAOHOTO (hak-
TOpa Ha ocHOBe AaHHbIX Pantheon+ u SHOES.

B pesynbrare craTucTuueckoil 0OpabOTKH BBI-
YHUCJICHbI HanOoJiee BEPOSTHBbIC 3HAYCHHS IapaMeT-
poB B =0974+0.07, y=01+0.065ué =
0.457 £+ 0.069. Ilpu Takux 3HAYEHUSIX JOCTHTHYTO
MaKCHMaJbHOE COOTBETCTBUE JaHHBIM HAOJIIOICHUH,
MTOKa3aHHOE Ha PHCYHKE 3.

Janee, nias OUEHKHM JMHAMUKUA YCKOPEHHOTO
pacuupenus no3aHeit Beenennoil nmpumeHsercs Koc-
Mmorpaduueckuii nmapamerp 3amemieHus q(z) [19].
OpauM u3 HamOoJee NpPUMEYaTeNbHBIX COOBITHN
no3aHed BceneHHOU sBisieTcsl mepexoi OT 3aMell-
JICHHOTO pacuiuperus K yckopearomy [20]. I'padux
napamerpa 3amemiicHus q(Z) B CpaBHEHUH C HaH-
HBIMH HAOJTIOJICHUIA MTOKa3aH Ha PUCYHKE 4.

8

_ 0H(z) (1 + z)

19 ==3,"HD)

1. (17)

Hanmnuue mepexona ot 3aMeNIEHHOTO paciupe-
HUAA K YCKOPEHHOMY OTPENEISICTCS TepecedcHueM
q(z) = 0. 3amennenHoMy pacmmpenuto Beenennoii
COOTBETCTBYIOT 3HaueHus q(z) > 0. YckopeHHbBIH
pexkuM HaOogaercs npu q(z) < 0. Pucynok 4 fe-
MOHCTPHPYET HAINYME TEepexo/la B MOMEHT Z =
0.66, coBmamarOIIMii ¢ JaHHBIMH HaOJIIOHEHHM.
CBsI3b KpPAaCHOTO CMEIIICHUS U BpeMeHH [21] mokassi-
BaE€T, UTO MEPEXO]] MPOU3OIIET MPUMEPHO 6.1 MIIpI.
JeT Hazajl.
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Mozens SiswTeRHaT 2yCca-bosHe ¢ TRODRaHLIN OTCROXOM

Hannme Pantheon+ SHOES

W

0.0

©o

~N
(5]

0 15

Pucynok 3 — Teoperrueckue 3HaueHUsT POTOMETPUUESCKOTO pacCTOSIHKS U(Z) B CPABHEHUH C TAaHHBIMH
HaAOIIOIEHHUH MTPH ONTHMU3UPOBAHHBIX 3HAYCHUSAX ITapaMeTPOB.

qlz)

0.5

Mogens

Oanrbe Pantheons SHOES

Pucynok 4 — Iapamerp 3amenienus q(z) Moaenu B
CpaBHEHHU C JJAHHBIMU HAOIIOJCHUH.

HecmoTpst Ha ycrneniHoe COOTBETCTBUE JTaHHBIM
HaOJIO/ICHUI, MCIIONB30BAHUE PEIICHUH Ha OCHOBE
CLIeHapHsl KOCMOJIOTUYECKOT0 OTCKOKA MOYKET IPUBE-
CTH K HeCcTaOMIBbHOCTH Mojenu. JlJist mpoBepKu cra-
OWJIBHOCTH UCIIOJIB3YETCSl METOJl, OCHOBaHHBIN Ha
CKOPOCTH paclpOCTpaHeHHs: OapUOHHBIX OCIMILIS-
Wi, YNOPOLIEHHO HAa3bIBAEMON CKOPOCTBIO 3BYKa
[22]. B pannue atanbl SBONOIMKA BeeneHHOH TI0T-
HOCTh OaPHOHHOW MaTepuu ObLIa JOCTATOYHO BHICO-
KoM, obecnieunBast ckopoctb 3Byka Cg = 57% ot cko-
poctu cBera [23]. B Hacrosiee BpeMms IUIOTHOCTB
MaTepuu OJm3Ka K HyJeBoi. TeM He MeHee, CTaOnITb-
HBIE KOCMOJIOTHYECKHE MOJIENH JIOJKHBI IEMOHCTPH-
pOBaTh IMOJIOKHUTEIbHBIC 3HAYCHHS KBaJIpaTa CKOPO-
cTH 3ByKa CZ, BEIUMCIISIEMBIE TTO hopMyITe

_p(@®)
i) = 50 (18)

Hcrnonp3oBanne TEPMHHOB O0OOIIEHHOTO Bpe-
MCHHU IO3BOJIACT OUCHUTH HE TOJILKO IMMO3JIHHUEC U PaH-
HUE ATambl 3BOJIONMU BceneHHOW, HO M CTaOWiIb-
HOCTH JT0 MOMEHTa OTCKOKa. B JaHHOM cirydae Mo-
MEHT KOCMOJIOTHYECKOro oTckoka ¢ = 0 coBmamaer ¢
MOMEHTOM Hauajga Bcenennoii. ['padux kBampara
CKOPOCTH pacHpOCTpaHeHHUs OapUOHHBIX OCIIHILIS-
Ui MOKa3aH Ha PUCYHKeE 5.

Pucynok S — KBaznpat ckopocTH pacipocTpaHeHus
OapHOHHBIX OCIHIIAIH C. 52 )

PucyHoxk 5 noka3siBaeT Hajuuue HeCTAOUIBLHOCTH JI0
TOYKH OTCKOKa t = 0, Moce 4ero JIOCTUraeTcs Mak-
CHMaNbHOE 3HAueHHe CKOPOCTH 3Byka CZ(t) =
0.333. [lanbHeiiliee yMeHbllIcHHEe (YHKIIMHA CBH/IC-
TEIbCTBYET 00 YMEHBIIEHHH IIOTHOCTH MAaTEpHH.
Tak Kak MOAETU KOCMOJIOTMYECKOTO OTCKOKA YacTo
SIBIISIFOTCS. QJIETEPHATUBOW TEOPUU HHQIISALNH, TIep-
BEIM IIIarOM HEOOXOAMMO MPOBEPUTH HAIUYHE IPO-
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THBOpeuri. OneHKa HHOIAINOHHOW TUHAMHUKH pea-
JIA3YETCS TIPU ITOMOINY ITapaMeTPOB MEICHHOTO
CKaThIBaHMSL.

H &

€ =75, € =—.
17 H2' 27 He

(19)

Cobmoaenme yclioBus €; < 1 CBUIACTENBCTBYET
0 HAMMYMK WHOIAIUA. BBITIOIHEHWE YCIOBHA €, <K
1 noka3bIBaeT JOCTATOYHYIO JUIUTEIBHOCTH JaHHOM
(aszml [24]. Ouenka mapaMeTpoB paHHel BcemeHnHoi
MPOUCXOANT B TEPMHHAX KOJHYECTBA e-(OJI0B
a(t) = e". Tak, MHIAMOHHEIH IMATIa30H OTPaHHU-
yuBaetrcs 50-60 e-¢onmgamMu, 4TO MOKAa3aHO HA PH-
CyHKe 6.

[ 4
0.030 .
L s

av20f
.
.
.

Q.015F Ny

0.010p 5

0005

Pucynox 6 — [TapamMeTpsl MEUICHHOTO CKaTHIBAHUS
€1(N) u €,(N) B un(ssOHHOM jauanasone 50-60
e-onmos.

Pucynoxk 6 cBuaerenbcTByeT 00 OTCYTCTBUHU
MIPOTUBOPEYHIA MEXKIY MPENTIOKEHHONH MOJIEITIBIO OT-
CKOKa ¥ KOCMOJIOTHYeCKOH HHIIAuer. Moaens e-
MOHCTPUPYET HaJuuue HWHQIISIIUHA, COOTBETCTBYS
yciIoBHIO €; K 1 M JO0CTaTOYHYIO AITUTEIHHOCTh HH-
(hIAMOHHOTO TEepHoAa COTIIACHO YCIOBHIO €, K 1.

0.05 4

0.04

0,03 4

0.02

0.01 1

0.9706 0.9708

ns

- -
09704

09702

ﬂanee, mapaMCeTpel MCAJICHHOI'O CKaTbIBaHUSA HC-
IMOJIB3YIOTCA JIA BBIYMCICHHUA CICKTPAJIbHOI'O HH-
JC€KCa CKaJIApHBIX B03MYIHCHPII>‘I Ng WU OTHOIICHUA
TCH30pa K CKalispy 7. Anamuz JAaHHBIX MMapaMEeTpOB
IMO3BOJISICT ONMPEACIIUTL BJIMAHUC Macirada Ha CKa-
JIAPHBIC BO3SMYIIICHUA.

ng — 1= —6€; + 2¢,, (20)

r = 16€,. (21)

CootBercTBUE ycnoBUlO Ng < 1 cBUaerens-
CTBYET O KPAaCHOM HAKJIOHE CIEKTPa CKAJSIPHBIX BO3-
MYULICHWH, 4TO corjacyercs ¢ MH(ISIMOHHON Teo-
pueii [25]. BoinonHeHe JaHHOTO YCIIOBHS TOBOPHUT O
OONBIIMX aMIUIMTYaX BO3MYIIEHUH Ha OOIBIIHIX
Macmtabax. CHHHIA HaKIOH Ng > 1 meMoHCTpHUpyeT
ciydail, MpH KOTOPOM aMIUIMTyJa BO3MYIICHHUH
BBIIIIE HA MajbIX MacliTabax W HIDKE Ha OOJBIIMX.
OTO0 03HAYAET, YTO MEJIKOMACIITA0OHBIE BO3MYILECHHS
ObuTH OoJiee BBIpaXkeHbI B panHeil Beenennoi. Takoit
CIEKTp HE COorjlacyercsi ¢ HabIIOICHUSIMU U HE TIpe/l-
CKa3bIBAETCSl CTAaHIAPTHBIMU HMHQIISILIUOHHBIMH MO-
nensimu. HelltpanbHblid HAKIIOH ng = 1 xapakTepu-
3yeT OJIMHAKOBYIO aMILTUTYIy Ha BCEX MacIITadax.
OpHako COBpeMEeHHbIE HAOMIOACHNUS IOKA3bIBAIOT HE-
00JBIII0€ OTKJIIOHEHHE B CTOPOHY KPAaCHOT'O CIEKTpa.

J1s1 Gomee TOUHOM OIIEHKH MOZEIIH HEOOXOAMMO
MPOBECTH CpaBHEHHE C JaHHBIMUA HAOIIOJCHUH.
HawubGonee peneBaHTHBIM HCTOUHUKOM SIBIIsIeTCS 0a3a
JMaHHbIX pe3ynbTatoB Planck 2018 mo npuumnae mpu-
OpPUTETHOW HANpPaBIEHHOCTH MHCCHH Ha MCCIIE0Ba-
HUE apaMeTpoB paHHel Beenennoi. [ns cpaBHeHUS
ucnonb3oBad Metoq MCMC coBMECTHO C KOIOM
Cobaya 15t CTaTHCTHYECKOTO aHaIn3a, Pe3yJIbTaThl
KOTOpOTO MOKa3aHbl HA PUCYHKE 7.

—— [lannwee Planck 2018
Mopens

0.08
0.06

0.04 1

0.021

0.00
0.95

0.97

0.96 0.98

Pucynoxk 7 — Kontyps! nocroBeprocTs 68% 1 95% criekTpanbHOTO HHAEKCA CKAIAPHBIX BO3MYIIIEHUH
ng(N) u oTHOLIEHHS TeH30pa K cKansipy 1 (N) B cpaBHeHuu ¢ qanabiMu Planck 2018.
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PucyHnok 7 neMOHCTpUpYyET OTCYTCTBUE MPOTHUBOpPE-
YUW MEXIY TTPEAJIOAKEHHON MOJIETIBIO U TEOpHEe Koc-
Mostorndeckoir uHMsAIMY. [lokazaHo COOTBETCTBHE
JAaHHBIM HaOJIIOICHNH M HAKIIOH B KPACHYIO CTOPOHY
CIIEKTpa CKaJISIPHBIX BO3MYIIIeHUH. B pe3ynbrare cTa-
TUCTUYECKOH 00pabOTKU BBIYMCIICHBI HauOoyee Be-
POSITHBIC 3HAYCHUS TMApaMETPOB MacIITaOHOTO (hak-
Topa: f = 1.0 +0.057, y =0.099 +0.0581, § =
0.449 £ 0.086. He3nauutenpHble OTKIOHEHHUS Ia-
paMeTpoB MOJEIM MPHU UCIOJb30BAHUM JAHHBIX
Pantheon+, SHOES u Planck 2018 cBumeTensCTBYIOT
00 yHHBEpCATbHOCTH MOJIENI B PaMKaX HCCIIEJ0Ba-
HUA KaK paHHUX, TaK U IO3JHUX 3TAIllOB paCIIUPCHUA
Bcenennoii.

3akiouenue

B nannoii pabote Obuta pa3paboTaHa M MpoOTe-
CTUPOBaHAa MoJenb OiHITeiHa-I'aycca-bonne ¢
MaciTaOHbIM (pakToOpoM rHOPUIHOTO OTCKOKA. B oT-
JUYUE OT TPAAUIUOHHBIX MTOAX00B, IPEATOKCHHAS
MOJIEJIb COYETaeT B ce0e MPEeHMYIIECTBA CTEIIEHHOTO
W 9KCIOHEHIIMATBHOTO PACIIUPEHHSI, YTO TO3BOJISET
TOHKO HACTpPauWBaTh Pa3IMYHbIC MapaMeTphl SBOIIO-
mu Beenennoii. Ha ocHoBe macmrabHoro (hakropa
rHOPHUIHOTO OTCKOKA, C Y4€TOM OTPaHUYEeHUH CKOPO-
CTH paclpoCTPaHEHUs TPABUTAIIMOHHBIX BOJH TIONY-
YEeHbl AHAIUTHYECKUE pelieHus. i1 TOYHOTO BBI-
YHCJICHUSl MapaMeTPoOB MacIITabHOro QaxTopa Hc-
MOJIb30BaH  CTAaTHCTHYECKUH  aHalH3  METOJIOM
MCMC Ha ocHoBe nanHbix Pantheon+, SHOES u
Planck 2018.

BrIsICHUIIOCH, YTO JJIsl COOTBETCTBHS JaHHBIM
HaOJIOICHN, 3HAYCHHS NapaMeTpPOB OTrPaHHYCHBI
uarna3oHaMu B =0974 +£0.07, y =0.101 +
0.065u 6 = 0.457 + 0.069. BrrurciaeHHbIe 3HaYE-
HUS TIO3BOJIMUIM OCYIIECTBUTH aHAIH3 JIUHAMHKH
YCKOPEHHOTO pacluIMpeHus Yepes napameTp 3amejie-
Hus q(z). PucyHOK 4 eMOHCTpUPYET HallMuue nepe-
xoma 6.1 mupa. et Haszan. Jlasee mpoBenNeH aHAIH3
CTaOMILHOCTH MOJIEJH, SBISIIOIIUICS OJHUM U3
HanOoJiee KPUTHUYECKUX JUIA MoJiesiel oTckoka. Ilo-

JydeHHbIE JaHHbIE CBUACTEIBCTBYIOT O CTAOMIIbHO-
CTH MOJIENT! B OKPECTHOCTH MOMeHTa OTcKoka t = 0.
[MoMuMO CTaOMIILHOCTH, MOKa3aHO, YTO JMHAMUKA
WU3MEHEHUS] CKOPOCTH PACIPOCTPaHEHUS OapUOHHBIX
KOJIcOaHW COOTBETCTBYET JAHHBIM HAOIOMCHUN U
cocTaBisieT 57% OT CKOPOCTH CBETa.

AHanmu3 COBMECTUMOCTH C JIaHHBIMU paHHEU
BcenenHol ocylecTBiieH MpU MOMOIIU NTapaMeTpoB
MEJIEHHOTO CKaThIBaHUs. HecMoTpst Ha mpupo Ty MC-
cJeayeMoi MOJIeNH, TPOTUBOPEUUS MEXTY KOCMOJIO-
THYECKAM OTCKOKOM W Teopuel MH(IAINHT He OBLTH
oOHapyxeHbl. [lomydeHHBIE JaHHBIE CBUACTENb-
CTBYIOT O HAJIMYMK HHQIAIMY B MOJICIIU U €€ I0CTa-
TOYHOHN JIUTEIBHOCTU. [[1s1 cpaBHEHUS C JAHHBIMU
HaOJIIOICHHIA KCIIOIB30BaHbl TaHHbIe Muccuu Planck
2018 coBMECTHO € KOAOM JIsl CTATUCTUYECKOTO aHa-
nu3a Cobaya.

Jlnsa cooTBeTCTBUSI TapaMeTpaMm paHHed Bcee-
JIEHHOW 3HAYEHWs OTPaHWYCHBl JWAnazoHaMu f§ =
1.0 £0.057, y = 0.099 £0.0581u 6§ =0.449 +
0.086. BeIsicHUIIOCH, YTO pacXOXKJACHUE JaHHBIX CTa-
TUCTUYECKOT'0 aHajii3a B paMKax paHHEW W mo3aHen
BcenenHoll MUHUMAanbHO, YTO CBUJETEIBCTBYET O
BO3MOXXHOCTH HCIIOJB30BAHUS TPEUIONKEHHON MO-
JIeNd JjIsl aHalu3a Bcel uctopuu BeeneHHoil.

TakuMm 00pa3oM, TIpeUIOKEHHAsT MOJIENb TIPEJI-
cTaBisieT coOOM BaXKHBIN Iar B pelIeHUH MTPOOIEMBI
HAYaJIbHOW CHHTYJISPHOCTH, 00eCTIeYnBasi COBMECTH-
MOCTb C OCHOBHBIMHU TIOJIOKEHHSIMH COBPEMEHHOMN
KocMmoJioruu. JlanbHeilliee pa3BUTHE JAHHOIO MOJ-
X0Jla, a TaKXKe HOBBIC JOCTIKCHUS B HAOIIOJICHUU
TPaBUTAIIMOHHBIX BOJIH, MOTYT CIIOCOOCTBOBaTh 0O-
Jiee TITyOOKOMY TTOHUMAaHUIO PAaHHHUX JTAIoOB SBOITIO-
1uu BeenleHHOM M yTOYHEHNTO (PU3NYECKUX MEXaHU3-
MOB, OTBETCTBEHHBIX 32 €€ JUHAMUKY.

BaaropapHocTs

[anHoe wuccnenoBanue NpoUHAHCHPOBAHO
Komurerom Hayku MuHUCTEPCTBA HAYKU U BBICIIETO
obOpazoBanmst PecnyOonmukn Kaszaxcran (rpant Ne
AP19674478).
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TPABUTALMA YSHE BAKYYMHbIH, CbI3bIKTbl EMEC 3MEKTPOAMHAMMKA SCEPIHEH
MATHETAPbIH, MATHUTOCHEPACH! APKbINbl OTKEH MAPbIK CAYECIHIH, AYBITKYbIH
CAHABIK, TYPAE 3EPTTEY

Byn JKyMbICTa 3/1EKTPOMArHUTTIK Cay/leHiH, MarHeTapblH, MarHeTocdepacbl apKblabl ©Ty KesiHgeri
BAKYYMHbIH, CbI3bIKTbl EMEC 3/1eKTPOAMHAMMKAChl MEH FPaBUTaLUMAHbIH KOMOUHALUMANAHFAH 9CepiH CaHAbIK,
TYPAE 3epTTey JA4iCTepiHe WOy XKacanadbl. BaKyyMHbIH CbI3blKTbl €MeC 31eKTPOAMHAMMKACIHbIH, BOpH-
Nudbenbn mopaeni weHbepiHae [MMeHpoy3-HbtomaHH dopmanmuami HoMbiHWA aHblKTanfaH 3ddeKTUBTI
METPUKaLaH LWbiFaTblH 3GEKTUBTI reofe3nanblk TeHAeyAep KYyMeciHiH, caHAbIK TYpAe anblHFaH Lewimaepi
KapacTblipblnapl. *epre eH, *KakblH OpHaNaCKaH MarHeTap MeH OfaH XaKblH aliMaKTaH ©TKeH ramma cayne
*KapKbIbIHbIH, MapaMeTpiepi bacTankpl WapTTap PeTiHAe KOAAaHbIAbIMN, SPOEKTUBTI reoae3nsnblk TeHaAeyAep
WyMeciHiH, PyHre-KyTra agici apKbiabl LWeLinreH caHAblK TypAeri wewimaepi KapacTbipbliagbl. 3epTrey
HaTUXKeCiHAEe, MarHeTapAplH alHanacblHAa 3NEKTPOMArHWUTTIK Cay/NeHiH, MaMbiCybl, OHbIH, OYpPbIWTLIK
ynectipinimi, GpPOHTTbIH, AedOPMaLMACHl KaHEe 3HEPrua TbIfbI3AblFbIHbIH, TapasyblHAafbl aHWM30TPONMUA
HaTUXKeNepi canblCTblpblnaabl. HaTuxeciHae MmarHeTap HeTiHe KaKblH ayMaKTap/a cayaeHiH bypblay 6ypbilbl
86°-TaH »Kofapbl OypbIlKa Oypbliaabl. DNEKTPOMArHUTTIK cayie GPOHTbIHbIH, MilliHi 3/AUMNC NiWiHre aybICbimn,
bIKWIAM  HbICaHZap aHblHA@ OHbIH  TapajyblHblH —aHM30TponuAckl Oalkanaabl. CoHbiMeH Hipre
3NEKTPOMArHUTTIK CBY/EHIH, MarHUTapAblH KOMBUHALMANBIK ©PICIHEH BTy Ke3iHAe OHbIH 3HEPTUA TbifbI3bIfbl
1,83 ece apTaTblHAbIFbl ecenTenreH. byn HaTuKenep KywWTi KOMOMHaAUMANLIK epic KaFdalbiHaa
3NEKTPOMArHUTTIK CaY/IEHIH, KOMMNAKT HbICaHAAP apKblabl Tapany 3aHAblNblKTapbiH cunatran, 6onawak
acTpodm3nKabiK Bakblaaysnap MeH TEOPUAbLIK MOAENbEYNEPTe MaHbI3/bl Y1EC KOCAAb!.

TyliH ce3fep: biKlWaM OOBEKT, 3/1EeKTPOMArHUTTIK Cayfie, MarHetap, BaKyyMHbIH CbI3blKTbl emec
3M1EeKTPOAMHAMMKACDI, FPaBMTaLMA.

N. Beissen, S. Toktarbay, M. Alimkulova, T. Yernazarov, N. Shynggyskhan*
Al-Farabi Kazakh National University, Almaty, Kazakhstan
*e-mail: nurkamal8503@gmail.com

Numerical study of the deflection of a light beam passing through the magnetosphere
of a magnetar under the influence of gravity and nonlinear electrodynamics of vacuum

This study presents a review of numerical methods for investigating the combined effects of nonlinear
vacuum electrodynamics and gravity on the propagation of electromagnetic radiation through a magnetar's
magnetosphere. Within the framework of the Born—Infeld model of nonlinear electrodynamics, numerical so-
lutions to the system of effective geodesic equations derived from the effective metric defined via the Pen-
rose—Newman formalism are analyzed. The initial conditions are based on the parameters of a gamma-ray
burst that passed near the closest magnetar to Earth. The system is solved numerically using the Runge—Kutta
method. The study examines the bending of electromagnetic rays near the magnetar, their angular distribu-
tion, front deformation, and anisotropy in the energy density distribution. It is found that the radiation deflects
by more than 86° near the magnetar’s surface. The wavefront shape transforms into an ellipse, and anisotropic
propagation is observed near the compact object. Additionally, the energy density of the radiation increases
by a factor of 1.83 as it passes through the combined field of the magnetar. These results characterize the
behavior of electromagnetic radiation in strong combined fields near compact objects and provide important
insights for future astrophysical observations and theoretical modeling.
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YncneHHoe nccneaosaHmne OoTKNIOHEHUA CBETOBOIO yda, npouwealero 4Yepe3 MaFHVITOCCI)epy
MarHeTapa, noj BOB,EI,GVICTBVIEM rpasutTaum 1 HeNNHEeNHoM IN1EKTPOANHAMUKN BaKyyMa

B naHHon paboTe npeactasiaeH 0630p YNCNEHHBIX METOA0B UCCNEeA0BAHNA KOMOBUHMPOBAHHOIO BAMAHMA
He/IMHENHOM 31eKTPOANHAMMKIN BaKyyMa M rpaBMTaumm Ha pacnpocTpaHeHMe 31eKTPOMArHMTHOrO U3yYeHms
yepes MarHuTochepy marHetapa. B pamkax mogenn bopHa—MHbenbaa HeENMHENHOM 3N1EKTPOAMHAMUKIM BaKy-
yMa pacCcMaTpMBatOTCA YMCAEHHblE pelleHns cuctembl 3QEKTUBHbBIX reoe3nyeckx ypaBHEHW, BbiBEAEH-
HbIX 13 aQEKTUBHON METPUKHK, onpeaensemoin B bopmanmame MeHpoy3a—HboMaHa. B KauecTBe HayvaibHbIX
YCN0BMI MCNOBb3YIOTCA NapameTpbl raMMma-BCMIECKa, NpoLleaLlero Yyepe3 061acTb, NpUaeratoLLyto K 6amxain-
wemy K 3emne marHetapy. Cuctema ypaBHEHWIM peLlaeTca YncaeHHo metoaom PyHre—KyTTel. B pesynbTaTte
nccnefoBaHUA aHANN3NPYIOTCA MCKPUBEHME 3/1EKTPOMArHUTHOrO Jly4a B OKPECTHOCTWM MarHeTapa, ero yrio-
BOe pacnpefenenve, aebopmauma GpoHTa M aHM30TPONMA pacnpeneneHma NAOTHOCTM SHepruu. YcTaHos-
NEeHo, 4TO BHM3M NOBEPXHOCTM MarHeTapa /lyd OTKAOHAeTCA Ha yron 6onee 86°. Popma dpoHTa anekTpomar-
HUTHOrO M31yYeHUA TPAHCPOPMMPYETCA B IAIMNTMUYECKYID, @ BOAM3M KOMMNAKTHOrO obbekTa Habntogaetca
aHM30TPONMA €ro pacnpocTpaHeHns. Kpome TOro, yCTaHOBAEHO, YTO MPWU NMPOXOXKAEHWMN Yepe3 KOMBUHKUPO-
BaHHOE MNoJie MarHeTapa sHepreTMyeckasn NJAoTHOCTb U3yYeHns yBeanumnsaetcs 8 1,83 pasa. MosyyeHHble pe-
3y/1bTaTbl OMUCHIBAOT OCOBEHHOCTM PACNPOCTPAHEHMA SNEKTPOMATHUTHOTO M31yYeHUA BOHAM3M KOMMNAKTHbBIX
0OBEKTOB B YC/I0BUAX CUABHOTO KOMBUHMPOBAHHOIO NO/IA M BHOCAT BaXKHbIM BKNa B pa3BuTMe acTpodusnye-
CKMX HabNtoAeHW N TEOPETUYECKOTO MOAENMPOBAHUA.

KntoueBble C/10Ba: KOMMAKTHbIA OOBEKT, 3NEKTPOMArHUTHOE U3/IyYeHNe, MarHeTap, HeMHeHasa 3N1eKTpo-
OMHaMMKa BaKyyma, rpaButaums.

KapanaiieiM Teopus Oonbit caHamaznel [1, 2]. byn
BaKyyMHBIH 00C KEHICTIK eKeHIiTiHe kayar OepeTiH
KJIACCUKANBIK TeopHst Ooublll TaObuiaabl. Aunaiina,
KYIITI MAarHUTTIK 9OHE 3JIEKTP OPiCiHIH MoHAEpiH/e

Kipicne

I'paBUTAIMSITBIK ©piCTE AIIEKTPOMATHHUTTIK COY-
seHiy (OM) rtapanybl JKaimbl CajgbICTBIPMAIIBLIBIK

TEOPUSCHIHIA KAPBIKTHIH KHCHIK TPAaeKTOPHSIAp
OOWBIMEH TapallyblH CHUTIATTAWTHIH MaHBI3bI KYOBI-
Jeic. Byst anram per DWHINTEHHHIH TPaBUTALUSIIBIK
JIMH3AIaHy TEOPHUSCHIH]IA KapaCTHIPBUIBIT, KEHIHHEH
OakplIaylapMeH pacTtanipl. Auaiia, aca KymTi
MarHuT ©piciHe he KOMIIAaKT 00BEKTUIEPIiH, acipece
MarHeTaplap/pIH aifHaaChIH/a, BAKYYMHBIH ChI3bIK-
Tl eMmec ajekTpoauHamukacel (COJl) coyreHiH
TapaldyblHa KocbIMmIa ocep Oepyi MymkiH. COJ1
acepjepi  KBaHTTBIK  TCOPHUSHBIH  IICHOEPiHIE
BaKyyMJIaFbl JKapbIKTBIH KOC ChIHY KOPCETKIllli MEH
OHBIH JHMCIIEPCHUSIIBIK KACUETTEPiHIH ©3repyl CHAKTHI
KyObLIbICTapa O0JIAThIHABIFBIH KopceTeai. Ochliaii-
I1a, coyJeHiH rpaButanusicel MeH COJ acepiepiHiH
KOMOWHALMsIIaHFaH acepi Typajbl 3epTTeysiep aca
KYIITI Mar{HuT epici 0ap acTpoU3UKAIIBIK HBICAH-
naablH ~ aflHaJlachIHAAFbl  KEHICTIKTIK-YaKBITTBIK
KYpPBUIBIM TypaJbl TepeHipeK TYCiHiK Oepei.
CBI3BIKTBI €MEC AJIEKTPOIMHAMUKA/IA KITaCCHUKa-
TeIK bopH-UHbensa Teopuschl MakCBeIT 3JIEKTPO-
JTUHAMHUKACHIHAAFBl HYKTENIK 3apsiITBIH  IICKCI3
©31HIIK DOSHEpPrusChIH IIENly YUIIH EHri3UIreH

BaKyyMHBIH TIOJISIPU3AIMSCH TYyBIHIAI, BaKyyM 0Ooc
KEHICTIK e€Mec, OJI YHeMi maiija OOJBII >KOFaJIbII
OTBIpaThIH OOJIIEKTEP/iH OpTachlHA AaWHAIAMIbI.
MyHaali KymTi epic peXHMiHIEC BaKyyMHBIH
KBAaHTTBIK 3JEKTPOMATrHUTTIK TOJSPU3AIHSACHIHAH
TYBIHJIAUTBIH CHI3BIKTHI €MEC JICKTPOIMHAMHUKAIBIK
(CBMT) acepnepin Diinep-I eiizeHOEpr TCOPUACHIMEH
TyciHAipyre 6onassl 3, 4].

BakyymaerH COM-ce1 XKep karmaiieiazma
3epTTey i Jie 63 KalFacklH Tabyna [6-8]. Anaiina,
OChl yakbITKa Jeiin JKep jxarmaliblHIa OCBIHIIIAMA
aca KymTi 3iekrpomarauttik (OM) epictiH ocep-
JIepiH 3epTTeysiep MYMKIiHIIr a3 OoNFaHABIKTaH, 63
HOTIXeNepiH Oepmeilt oTeIp. JlereHmeH, 3apsaranFan
KapakypIsIMAap MEH MarHerapiiap CHUSKThI acTpo-
(GU3UKAIBIK BIKIIAM OOBEKTIJIEpAEri BaKyyMHBIH
COM oceprnepiH 3epTTey, OHBIH 3aHJBUIBIKTAPBIH
pacrayra MyMKiHIIK OeperiH OiplneH-0ip ToXipu-
Oemik amaH Oonbin caHanaabl. COM-HBIH 3aH[IbI-
JIBIKTAPBIHBIH OOJKaMIapblHa COMKeC Ka3ipri TaHaa
OipHelmIe TEeOPHSUTBIK MO-ACNbIepi YCHIHBUTYAa [9-
12]. Cougpiktan ma, acTpo-(PH3MKAIBIK BIKIIAM
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[paBuTaLMA KIHE BaKYYMHbIH, CbI3bIKTbl EMEC 3/IeKTPOAMHAMMKA SCEPIHEH. ..

oObekTinepaeri BakyyMHbIH COM-HBIH
3epTTeyre KbI3BIFYIIBUIBIKTAP apTyaa.

OM coyne TpaBUTANMSIIBIK ©picTe KO3FalFaH/a,
OHBIH TPACKTOPHUACH KIIACCHKAJBIK TI'€OJEe3HSUTBIK
TEHJEYJIep KYHEeCIMeH cHmaTTajaibl, SFHU JKapblK
coyjenepi KHCHIK KEHICTIKTIK-yaKbpITTa HOIIIK
TCOIC3USIIBIK CBHI3BIKTAPAbIH OOWBIMEH Tapanaibl.
Anaiina, KBaHTTHIK 3JekTpoauHamukanarel (KOJI)
BaKyyMHBIH TIOJIIPU3AIMACH KOHE KapBIKTBIH KOC
CBIHYBIHBIH dCepiiepi eckepinrerne, coyne 3¢ dek-
TUBTI T€OJE3UITBIK TEHACYJIIep JKyiieciHe OarbIHa bl
Ocsl 3(h(hexTHBTI Te0Ne3nsIIBIK TEHALYIEep KYHeciH
aly MEH OHBI IIENly apKbUIBI TPaBUTALMSA MEH DM-
TIK epic ocepyiepiH 3epTTey yuiH anram [leHpoy3-
Heioman ¢Qopmanusmi  yceinbuiran  [13].  Byn
(opManm3sM BakyyMHBIH rpaButanus MeH CDOJ]
3 PeKTTEepiH eckepy apKbpLIbl DM TOIKBIHIAPABIH
Tapaiy epeKIIeNiKTepiH TanjayFa MYMKIHAIK Oepeti.

Onerre, COJl ocepiHmeri BakyyM apKbLUIBI
©TETIH KAPBIKTHIH XBULAAM/IBIFBI TYPAaKTHl OOJIMai,
KepiciHile, epic KepHeyJIirine 0aiIaHbICTBI ©3repe/i.
Amn, 0yn aca kymti OM epicTiH acepiHeH BaKyyMHBIH
HOJISpHU3aMsIaHATBIHABIFBIHBIH CaJIapblH KepceTe-
ni. Knaccukaneik bopH-UH(ensa Teopus-ceiHa
coiikec BakyyMHbIH CDOM acepiepi eneyni Ooia
OacTalTBIH JIEKTP OpiCiHiH mamackl mamamen 107
B/M [5], a1 MarHumrTTiKk WHIYKIUSHBIH [IaMachl
mamamen 108 T'c Gonmansl. Byl KBaHTTBIK 3JIEKTPO-

2.3
Me€ ~ 4.4 x1013
eh

acepiH

JMHAMHUKa/a epic KYIIiHiH B, =
I'c moninHe coiikec kenemi [4].
Kasipri Tanga OM coyineHiH TapainyblHa BaKyyM-
HeIH TpaButanmss MeH COJI-CBIHBIH ocepiepiH
3epTTeysep eTe KapKbIHIbI )Kypyae. Aca kymrti OM
epicTiH ocepiHe OaitmanpicThl Diinep-I eiizenoepr
Teopuschl mieHOepiHae 3PPEKTUBTI Teoe3UsITBIK
TEHJeyJep KyHeciHiH OipHelle aHaINTUKAIBIK IIe-
mriMJepi anbiHb, M coyneHiH Oypbuty Oyphbii-
tapsiHa Oara Gepinren [14-19]. Backa 3eprreynepae
[enpoy3-HetoMaH GopManus-MiH KOJIAHY apKbUIbI
3apsAATaIFaH Kapa KYPABIMHBIH aHHAJIBICHIHIAFBI
KOMOWHAIUSJIAaHFaH TPaBUTAITUSIIBIK skoHEe DM epic-
TepJeri KapBIKTHIH KoHE OOIIICKTIH T'e01e3Us-TIbIK
ce3bIKTapel COM-HBIH OipHelle MOJeNbIAepiHiH
menoOepinme 3eprrearen [20,21]. Conbimen 6ipre,
Mar"erapiap/iarbl JUTMOJBAI MAarHUTTIK ©PICTiH
OIITUKAJIBIK TEOMETPHS 9J1iCi apKBUIBI 1a OYJ1 Macele
Kapacteippuiran  [22,23]. Tarel 06ip 3eprreyne
aHaNaTHUKAaJIBIK IIeliMaepMeH Oipre 3KBaTOpPHAJJIbI

JKA3BIKTHIKTAFbl  IEKapalblK IIapTTapra CoHKec
KOMOWMHAIMSUTAaHFaH TPaBUTALMSUIBIK )KOHE JTUTTOIB T
MarauT epiciageri OM coyne ymriH 3¢ ¢deKTuBTI
reo/Ie3UsIIBIK TeHAeyNep xyiecinin bopH-UHdensa
MOJETIHIH ayMarblHAAFBl  CAHIBIK  IIemIiMIepi
AIIBIHBII, AYBITKY OyphITapbiHa Oara Oepinren [22].
Amnatina, bopu-Undensa Teopusichl asicblHAAFbl OYIT
3pPEeKTUBTI T'€OAC3USIIBIK TEHJICYIEp >KYHeciHiH
aHAJTUTUKAIBIK IHEIIMIepl SKBAaTOPHAIILI Ka3bIK-
TBIKTaH ThIC XKa3BIKTHIKTAaFbl DM cayleHiH KoMOnHa-
UsUTAaHFAH TPaBUTALMAIIBIK KOHE TUIOJIBAI MarHUT-
TIK OpICTep/iH JCepiHeH aybITKy OypHIIITaphIHa,
Mar"eTapra Kele jKaTKaH cayie (GpOHTHIHBIH MilliHi
HBICAHFa XaKblH ayMakTa JIIUICcOouaa OOoNaThIHIbI-
FBIH JKOHE MarHeTapJaH IIbIFaThiH DM coyneHiH
SHEPTHSUIBIK THIFBI3ABIFBIHBIH YIIECTIPUTIMIH aTyFa
MymMmKiHzaik 6epmenai [23-28]. Connpikran, 0i3 Oy
JKYMBICTa OCBI COHFBI 3€pTTEY >KYMBICHI OOMBIHIIA
Bopr-UHbenbn Teopuscs asichlHAaFb KOMOWHAITHS-
JaHFaH TPAaBUTAIMSUIBIK JKOHE JUIIOJNBAI MAarHUTTIK
epicTep/liH  oCepiHAeri KapbIKThIH A (EKTUBTI
TeOIE3USITBIK TEHACYIIeP KYHECIHIH CaH/IBIK IIIeITiM-
JIepiHe MOy JKacalMBbI3.

Byt sxxymeIicThiH 1-6eniMinne 3¢ dekTuBTI reone-
3USUTBIK TEHJCYJICp KYHeciH any; 2-0emimzae OChI
TEHACYNep JKYWECiH CaHIBIK TypAe MIemry YIIiH
HIeKapajblK MapTrap; 3-0eiMIe CaHJBIK IIeIIiM-
JIEpJIiH HOTHXKeNepi; 4-00IMIHIe )KYMBICTBIH KOPbI-
TBIH/BICHl  KOPBITBIH/BUIAHBIN, —OOJNAmIarbl  MeEH
MAaHBI3IBUTBIFBI TAJTKBITAHA B

Tacinaep

Jumoanai MarHuT epici xkoHe 3¢ dexkTUBTI
MeTpHKa

AJIIIBIHFBI )KYMbICTapJa aHATMTHKAJIBIK LIEITiM-
JepliH omictepi cusakTel [19], amppimen, 6i3 OM
OpICTIH KYpBUIBIMBIH ~ aHBIKTal alambl3. by
JKyMbIcTa 013 BakyyMHBIH CBI3BIKTBI €MeC 3JIEKTPO-
JUHaMUKacbiHbIH 3¢dektTepin bopu-Uudensn Teo-
PUSCBHIHBIH ayMarblHAa KapacTelpambl3. OWTKeHi
KBaHTBIK JJIEKTPOJMHAMHUKAJAH WIBIFATBIH Diiep-
I'efizenbepr  TeopusceiHga  BakyyMHblH CED
a¢dexTTepin 3epTTey YImiH 0acka Ja KOChIMIIA
addexTTepl ecenKe any 3epTTeyai KypAeaeHIipe.
Connpikran, 0yn BU teopuscet BakyymubiH CED
a¢dexTTepin 3epTTeyni oHTainmacteipansl. bopH-
WNuadensn CED narpamkuaHblH Kelleci TYpJe Ka3blll
aaMbI3:

1
4ma?

L = —
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MYHJIaFbl @ — MAarHUTTIK 6piC HHIYKIIMSCHIHBIH

IaMachkIHa Kepi MPOMOPITHOHAI O0IaTHIH TYPAKTHI.
Jlumonb/li MarHWUT OpICiHIH KOMITIOHCHTTEPIiH

KeJleCi TeHJICY apKbUTBI aHBIKTAI ayFa 0oJaIbl:

B(r) = 3(m-r)r—r?m

(1a)

TS

OM coynme ¢porter Oz ociHiH OoitpIMeH
OarpiTalazbl JIeM  €CKEPCeK, MAarHuT OpiciHIH
KEepHEYJITiHIH OarbIThIH 0i3 OX OCiHIH OOWBIMEH
OarprTTananel. OHIA MarHUT OPICIHIH KePHEYIIriHIH
KOMITOHEHTTEpI1 KeJlieci TYp/le aHbIKTaja Ibl:

_m @t —y? =7

X ]

5
(x% +y%2 +22)2

3m,xy
B, = 5
(x% + y% + z2)2
3m,xz
B, = (2)

=
(x% +y%2 +z2)2

MYHJIaFbl M — MarHuT OPICIHIH JMIIONbII MOMEHTI,
koHe OHbIH kommoneHtepi M(myx ,0,0). Ocsr
KOMITOHEHTTEPIH aHBIKTAI aJIFaH COH 013 HEUTPOH/IBI
MKYJITBI3IIBIH METPUKACHIH aHBIKTAN anambI3. O yiriH

Recent Contributions to Physics. Ne1 (92). 2025

https://bph.kaznu.kz

00BEKTi ChepablKk CHMMETPHSLITBI )KOHE alfHAIIMAN b
JIeTl eCenTen, OFaH coiikec kemeTiH llIBaprmwmbmi
METPUKACBIHBIH JKYBIKTAIFaH TYPiH JEKapTTHIK
KOOpIMHATaa KoJaHaMBbI3:

900=1—%; 911=—(1+§),

922=—(1+%); 933=—(1+%)- 3)

[lenpoy3-Hetoman  dopmammsmi  OoiibiHIIA
TPaBUTALMSIIBIK ~ dQQeKTepieH ThIC  KOCHIMIIA
ocepiepli aHBIKTay YVIIIH METpHKara KOCHIMIIA
MYIIIEH1 KOCHIT aJIbIIl KapacThIpyFa Oomaasl. SIFam:

ff (1,
Gsu 2 = vy — 477(1,2)51:1/[295057#- (4)

MYHJIaFBI 7)(1,2) — HOCTMAKCBENIi NapameTp (MyHza
N1 =132), € =l/Be. F,p — DM TeH30pbl. AJIbIHFaH
ochl opHeK d((EeKTHBTI MeTpHKa el aTaiajbl.
MyHna  OOBEKTIHIH  TpaBUTALMSUIBIK  ©piCiHe
KOCBIMIIIa KYHPBIKIIA Tarbl Oip ©pICTIH IIIaMachl
KOCBIJIAJIEI.

Opi Kapa#d, ockl 3(PPEKTHBTI METPHUKAHBIH
imriageri OM TeH30pbIH IIAMAChIH aHBIKTAINl alyFa
Oonanpl. bi3miH xaraiiia OHBIH IAMAaCKI, XKOFaphlia
aTaiFaHnald, MarHUT OpICiHIH IIaMachlHA Kapal
AHBIKTANMBI3:

0 0 0 0
0 0 B —-B
_ Up _ _ 3 2
Fuv - g;MF Ypv = F;'n/ —lo _33 0 Bl . (5)
0 BZ _Bl 0
Ocel DM  epicTiH KOMIOHEHTTEpiH KOJJAHBIN, KOMOWHAIUS apKbUIbl A((EKTHBTI METpPHUKaHBIH
3(EKTPUBTI METPUKAHBIK OH >KaFbIHJAFbl TEH30PJIBIK  KOMIIOHEHTTEPIH ecenTeyre 00abl:
amangapael ecenten anambi3. COHBIHJA, CHI3BIKTHI
[2 2 2
x“ + +zc—a
G = Y : (6)
Jx? + y? + z?
1
Gl = - 5 ( x2+y2+2z%2+ a) (60x*y®z2 +

(2 +y2+2z2)7

+15x*y® + 60x°y*2z% + 90x*y*z* + 60x%y?z* + 60x*y22° +
+30x2y82z2 + 60x2y%z* + 60x2y*z® + 30x2y?z8 +
+36a’nm?x2&y? + 36a’nm?x%&z? + 72nm?*x%&y?z? +
+36mm2x*&y? + 36nm2x*&z2 + 36mm2x2Ey* +

+36nm2x2&z* + 72./x2 + y2 + z2anm®x2&y? +

17
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+72x2 + y2 + zZanm?x2&Ez% + x12 + y12 + 212 +
+6x1092 4+ 30x8y2226x1%22 + 15x8y* + 15x82* +
+20x6y° + 20x°2° + 15x*28 + 6x2y10 + 6x2210 +

+6y1922 + 15y8z* + 20y%2° + 15y*2z8 + 6y2219),

3
off 36( x2+y2+2z2+ a) m2x2y?né
G = 13 ,

(x2 +y2+22)2

3
cerr _ 36( x2+y2+z2+ a) m2x?zyné
13 = )

13
(x%2+y%2+2%2)2

3
36( x2+y2+2z2+ a) m2x2y?né

)

13
(x2+y2+22)2

1
Gze{fz— 13( x2+y2+zz+a)><
(x2+y2+22)7

X (60x*y®z2 + 30x8y222 + 60x°y*z% + 90x*y*z* +
+60x°y?%z* + 60x*y22°® + 30x2y82% + 60x2y%z* +
+60x2y*z% + 30x2y?z8 + 36a’nm?x2&y? +
+36a’nm?x2&z% + 72nm?x2&y?z% + 36nm2x*&Ey? +
+36nm2x*éz? + 36nm2x2Ey* + 36mmAx2ézt +
+72x? + y2 + zZanm®x%Ey? + x12 + y12 + 212 +
+6x10y2 + 6x192% + 72/x2 + y2 + zZanm?x%&z% +
+15x8y* + 15x82* + 20x%y® + 20x62% + 15x*y8® +
+15x%28 + 6x2y10 + 6x221° + 61022 + 15y%z* +

+20y°z% + 15y*2z8 + 6y2219),

3
36( x2+y2+2z2+ a) m2x?zyné
o -

)

13
(2 +y2+2%)2

3
36( x2+y2+2z2+ a) m2x?zyné
a3 -

1

13
(x%2 +y2+2%)2

3
36( x2+y2+2z%2+ a) m2x?zyné
o3 -

)

13
(x2+y%2+22)72
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oy -4

Enni  ocel  3¢¢exTuBTi MeTpUKa  apKbUIbI
Kpucrohden cumpBommapeia ecenten anmambi3. On

YIIiH ajgeiMeH A(QQEKTUBTI MeTpUKaHBl Kepi
METPUKAChIH aHbIKTalm any KaxkeT. CoHpIHaH
Kpucrohden cHMBOITAPBIHBIH HOJBICH  ©3TE

IamMaapblH aHBIKTAMBI3.

Byn xymbica 0i3 mapaMeTpi Z TeH aibIHFaH
3¢ (heKTUBTI TeoNe3WsUIBIK TEHAEyJlep IKYHeciH
KoJmaHamb13. byt xylie yiI TeHaeyai KaMTHIBL:

d?ct 3 { dct }dxp dx™

= o _""p3 (" 7
dz? mPdz ™) dz dz’

Fmp T dz ™P

dzx_ { . dx }dxpdxm
dz? dz dz’

d? d dxP dx™
=T -l )

dz2~ U™ dz ™) dz dz’

Amnpikranrad Kpuctoden cuiMBoiapblH aHBIKTAIIFaH
3GQPEKTHBTI TCOAC3USUIBIK  TEHIACYNEp JKYHeciH
AHBIKTAIl JkKa3yFa KojjaHambiz. DM (GpoOHT OarbIThI
Oz oci OoitbiMeH OaFbITTANFAaHABIKTaH, TEHIEYIIH
napametpi perinze Z ansiaFad. COHABIKTaH Oy XKyiie
yir TeHaeyai kamtuabl. Ocbl TeHJEyJiep JKyHeciH
amibIll  JKa3bIll, OHBI CaHABIK TYpPAE UICIIyTre
OarpITTaliMbI3. BypbuTly OYpBIMIBIHBIH — IIaMAaChIH
KeJIECl OPHEK apKbLIbI aHBIKTAJIAJIbI:

[vZ + v2

c

a= . (8)
s

180 - arcsin

Ocbl TeHaeynepAi CaHABIK Typle IIemly YUIiH
OacTankpl WapTTap JYPHIC KOHBUTYHI THIC.

¢ dexTHBTI reoae3nsIIbIK TeHaeyaep Kyieci
’K9He OHBIH CaHIBIK IIemiMaepi

Anpiaran KypJeni g epeHIIna bl
TEHJIeyJiep JKYHWECIH CaHIBIK TypJe IIenry YIIiH
Oacrankbl mmaprrap Oepinyli Tumic. bipiHmiges,
MarbHerap KoopJauHaTa OachlHIa JEl eCKepuIei,
sarud, txyz(0,0,0,0). MarnerapablH mapamerpiiepi
petinze XKepre eH xakbH opHanackad Swift J1822.3-
1606) marnerapapiy napamerpi ansiHags (M=1.4Ms,
R=10 km). ConbimMen Oipre, DM coyjiae (GpOHTHI
100x100 kM 0oJaThIH TOP apKbUIBI MarHeTapbIH
MarHetocdepacbiHa Kipeai. MyHnzaa 0i3ge Kagam
caael op 1000 xM OGombim oOTBIp. OCBHI TOPIBIH

3
x24+y?+2z2+ a) m?x?zyné

13
(x2 +y2%2+22)2

COliKeciHIIe HYKTellepi HMMOAaKT HapamTepiH
MOHJIepiHEe CcoMKec Kenmemi. EKiHMIiACH, KoFaphima
eCKEepTINreH e, BaKyymlla KOC CBIHY KYOBUIBICHI
eckepinmeiitin, bopu-MHensn mopaeni OoiibrHma
MTOCT-MaKCBEJUIMIIK TapaMeTpIIepaiH IIaMachl e3apa
TeH JeN ecKepiienmi, sSFHA 1), = 1),. JlereaMmenne,
ecenTeysepai KaH-KaKThl TEKCepy JKOHE HOTHKe-
JepAiH AYPLICTBIFBIH OEKiTy YVIIIH OCHI IOCT-
MaKCBEJUIIIK IMapaMeTpIICPaiH VIO TYPJi CaHIBIK
MOHJIEPiH aJIbIN, OPKAWCHICH YILIIH JYXEKEe HOTHKe-
Jiepre KOoJl KETKi3eMi3 KoHE e3apa CalbICThIpambI3.
Slran, OYJ1 JKYMBICTa TOCT-MaKCBEIUIIIK ITapamerp-
TIEpIiH KeJeci YII TYpili CaHIbIK MOH/AEP] allbIHAJIbI
N =1, =51-10757-10759-107>. An, marxe-
TapabIH OeTiH/eTi OipTEeKTI MATHUT OPICiHIH MaMachl
[IBuHrep opiciHiH MIaMachlHA JKYBIK IIaMaJlaFbl
CaH/IBIK MOHIMEH ecenTeliHenl, SFHu By = 1013 I'c.
KaJiFaH 0acTarkpl mapTTap KeJeci Typie eHrisiieni:

zy = —10°m,
x(zy) = —2+-10*m, (D(x))(zy) = 0,

1 1
t(z0) = 0,(D(0)(Z0) = < = 359797458 105"

¥(20) = 0,(D()(20) = 0. 9

Ocbl Oacrankpl mapTTap apkbuibl 3)(HEeKTHBTI
reoJIe3UsUTBIK TeH ey ep xyiecin Pynre-Kytra omici
apKBUIBI CAaHMIBIK TYPJIET] IIeniMAepiH aryFa 00masl
ecenTeyyepi )KeHIIETY )KOHE HOTHKEIIEPIiH IYPhIC
IIBIFYBIHA JKaF[ail Kacay MaKcaTblHAa TYPaKThl
IIaMasap/IIH CaHIbIK MOHJIEPi OChUTAN aJIbIH]IbI.

YKorapeigarel 6acTankp! MapTTapabl KOJIIaHbI,
3 eKTHBTI TEHICYNep KYHeciH CaHABIK TypJe
menry ywiH Maple 16 ecentey miardopmachiHBIH
LinearAlgebra mnakeriH KojjaHaMbi3. COHBIMEH
Oipre, ecenTeysepAiH JKEHUIICTY *OHE IMporpaMmma
TIIIHE KON JKYKTEME Kacamay MakcaThlH/a
IuddepeHInaNIbpIK TeHIAEYJIep >KYHECiH Iemyre
apHanran Pynre-Kyrra onicin kongauabik. Ocbl aj1ic
apKbLIBl  €CENTeNreH  TEHACYJNEPIiH  CaHJbIK
miemiMAepAiH MoHAEpiH Oip MacCHUBKE >KHHAKTAIl
allaMbI3. AJIBIHFAH MAaCCHBTErl CAHIBIK IIENIiM-
JepaeH, amibiMeH, OM  coyneHiH 3ddekTunTi
TEOJIU3USIIBIK CBI3BIKTAPBIH KepceTyre Oomambr (1-
cyper). MyHna wMarHeTapAblH O€TiHIeri MarHut
epicinin By = 10'3 I'c mamacsHma xone n = 5.1 -
1075 mocTMakcBeIbIK MapaMeTpiHiH MoHiHzeri DM
coyneHiH MarHetapaaH 100 KM apakKalIbIKTBIKTaH
OHBIH OPTACHIH IEHIHTI apabIKTaFbl TPABUTAIMSIIBIK

19



[paBuTaLMA KIHE BaKYYMHbIH, CbI3bIKTbl EMEC 3/IeKTPOAMHAMMKA SCEPIHEH. ..

KOHE MarHUT epiCiHIH KOMOMHAIMAJIAHFaH dCePiHEH
CBI3FaH TPACKTOPUSIIAPLIH KepceTei. MarneTap/abiH
OeTiHe >XaKpIH ayMakKTap[a TeOAE3WSUIBIK CBHI3BIK-
Tap.bl KAPKBIHABI MalbICybI Oaiikanaapl. Marnerapra
KaKpIH ayMakTapiarbl (OTOHIAPIABIH OacTarKbl
JOHE COHFBI KOOPIWHATTAPBIH CAIBICTHIPY APKBLIBI
OM coyne (ppOHTHIHBIH OHBIH I'PaBUTA-IUSIIBIK ©PICi
apKBUIBI TUH3AJIAHYMEH Oipre KYIITI MarHUT OpicCiHiH
KOCBIMIIIa MaWBICTBIPY CcaliapblH Keneci Tpaduk
apKpUIBl  Kepyre Oomamer  (2-cyper). MyHna
MarHeTapra 15 KM KalbIKTHIKTaH DM coylieHiH OpHBI
0acTankpl JKOHE COHFBl KOOPIWHATTApPhI apKBUIBI
KOMOWHAIIMSUTAHFaH  TpaBUTAlMS MEH  MAarHuT
OpICTepiHIH acCUMETPHSJIBl MIlIiHIHIH e3repiciH
Oaiikayra OoJiaibl.

1-cyper — B = 1013 I'c 6erTik Maruur epicinin
xkoHen = 5.1 107> mocTMaKCBEIIBIK
napaMeTpiHiH MoHiHAeT1 3P PEeKTUBTI re01e3UsITBIK
CBI3BIKTAPBHI.

2-cyper — B, = 103 I'c GerTik MarHuT opicinin
’KoHE UMIaKT napameTpain 15-103 M, n = 5.1+
1075 mocTMakcBen ik apaMeTpiHiH MOHIEPiH/eT
OM GpOHTTHIH MILIHIHIH MIEHOEPAEH JITHIICOMIKA
aysicy Tpadwuri.
CaHppIK mennMaep/i KoaaHsl, (8) TeHaeyaiy
KOMEriMeH Oypbuly OYpBIIITapblH  €CEHTENCI].

20

AHBIKTanFaH OYpbILTapAbl N1a apHaibl MacCHBKE
OipikTipyre Oomamer. OnTkeHi, myHga 100x100 kM
TOp apkpuiel opOip 10 KM KagamMMmeH OapiIbiK
JKA3BIKTHIKTAFbl OYpbUTy OYpBHIITAPBl KAMTBLIAJbI.
ATNIBIHFBI JKYMBICTap/ia AHAIWMTHKANBIK ECenTey-
JIepIe PKBaTOPHAIIILI OSTTET1 OyphIMTapFa FaHa 6ara
Oepinren 6onareiH [22]. bi3niH karqalibIMbI3/1a TOCT-
MaKCBEJUIJIIK MapaMeTpiepaid YL TYpii MoHIepiHe
colikec yII Typ:ii OYphUTy OypHIIITapBIHBIH HOTHXKE-
JepiHe KoM JKeTKi3unai. bypeury OypbeImiTapbiHBIH
[raMachbl MarHeTapra >KakplH ayMakrapia YJIFaibll,
oTe JKaKbIH KEeJITeH Ie, TIillTi, 6T¢ KapKBIHABI Typae 90
rpagycTaH achlll KeTeTIHAIri aHbIKTanmel [23,28].
SlrHu, 3-cyperte MarHerapra 15 KM KalIbIKTBIKTaH
OypbuTy OYpBINBI JKYBIKTAN ajraHna 86 Trpamyc
OONaTHIHABIFEIH Kepyre Oomamel. A, KepiciHIe,
MarHerap/iaH ajbICTaFaH CallblH OYpbULY OYpBIIITA-
PBIHBIH IIaMachl a3 eKeHIriH Kepyre Oonasl, sIFHU
100 XM KamIbIKTBIKTaFrbl OYPBUTY OYPBIIIBIHBIH MOHI
mamameH 3.86 rpagycTel KamTuasl. COHBIMEH Oipre,
MOCT-MAaKCBEJUIIIK MapaMeTpliH IaMachkl ©CKEH
CalibIH OYPBITIITApABIH MOH/EPi Oasy apTaThIHIBIFBIH
Kepyre 6omansl. bypeuty Oypsimi-tapeiHa Kapan OM
coyiie (DPOHTHIHBIH KAHIIAJIBIKTB ©3TCPETIHIITIH JIe
aHBIKTayFa MYMKIHAIK Oepei.

' v g
“
‘o

3-cyper —1 = 5.1-107° xome B, = 103 I'c
OeTTiK MarHUT Opici )KaFmalbIHIa 7= - 45 - 103 m
Ke31H/Ie aybITKy OypBIITaphIHa KaTBICTEI OM
TOJIKBIH ()POHTHIHBIH Ae()OPMAaLIUSCHI.

DddexTurTi T€OIE3USIIBIK TEeHIEYIep
JKYHECIH CaHIBIK TYpAe UIeNly apKbUIbl HMMIIAKT
napaMeTpliepIiH SpTYpii MoHJepiHe OaillaHBICTHI

coylieHiH ~ Oypbuly  OYpBIITApBIHBIH  MOHAEPI
anbiHagpl. Ockl OYpHILTAPABIH  MOHIEPI APKBUIBI
ONapAblH COHFBl KOOpAMHATalapblHa  KaTBICTHI
rpadurin  canbiHABL ~MyHZa  IIOCT-MaKCBENIIK

napameTp/iH YIITYpii MoHepiHe colikec (; = 5.1+
1075, n, = 71075, xome 13 = 9-107%), ym
TYpJi TpaduK anbIHAJbI.

MarsetapaslH =~ MarHuTocgepacblHa — KipreH
anekTpoMarHutTTik  (OM)  coyneHiH  (QpPOHTHI
KOMOWHAIIMSJIAaHFaH ~ OPICTIH  ocepiHeH IIIIHIH
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KaHIIATBIKTBl  ©3TepPTETiHIH 3epTreyre Oomabl.
AnppiMeH Oypbuly OYpBIIITAPBIH aHBIKTAIl AJBII,
OJIApIBIH CaH/IBIK MOH/IEPiHIH 0aCTAIKBI KOHE COHFBI

3epTTEHMI3 JKOHE OCHl TOYCNIUTKTIH Tpadurin
TYpFBI3aMbI3 (4-cypeT). Byprury OYpBIIIBIHEIH YIIKEH
MoHzaepinae A-aeiH mamacs! 0.07-re TeH 6omaapl.

KoopauHatanap aifplpmaceiHa (A)  TOyenmiNmirin
a)B=10°T,n=5-10°
80 ——= yw 10° m above the eq ator 86.1473924083973
" | —— y=6-10* m above the eq ator
we yw 10" m above the eq alor
604 — y= 0m m the eq storlal plane
o
< 44.4542507 19067
© 40 4
=
20 4
0 L T T T T
10 -8 6 o+ -2 0
X, rty
b)B=«10°T,ne 7+ 10°%
ol y=10% m above the eq ator 86.2060744854306
y=8:10* m abave the eq ator
w yu 10 m above the eq ator
604 — y= 0 m m the eq atorial plane
o
g 44.4550502733265
o 40
-]
20
o —— - ~ _
Y Y T L2 o T
10 -8 -6 -4 ~2 0
X, rity
¢)B=10"T,n=9+ 105
80 —— y=10" m above the eq ator 86 2656623865838
y=6:10' m above the eq ator V
— y=10° m above the eq ator
804 — y=» 0m m the eq atorial plane
Ly
g 44 45586/ 6542357
o &0
o
20
o 4

-10 -8 -6

X, ity

4-cypet — ['paBUTAIUSUIBIK JKOHE IUIOJIBIAIK MAarHUT ©PiCiHaeTT (JOTOHHBIH aybITKY OYphIIITaphIHBIH Ox
KOOPJIMHATAChIHA COMKEC YIIeCTIPUIiMI.
Mysna B = 1023 I'c,n; = 511075, 17, = 7-107°, %onen; = 9-107°

By HOTWXXE TpaBUTANMSIBIK JTHH3AJIAHY OCEpiMEH
CAJNBICTBIPFAHA CoyJie (POHTBIHBIH  BJUTUTICTIK
MIIIHre aybicaThiHbIH KopceTeai. Ochl KyMbICTa
TOJIKBIHABIK (PPOHTTHIH TMillliHIHIH Ae()OpManusChIH
Tajumay ofici KoimmaHeULABL. Byn  omic  apKbLIbI
AJIEKTPOMATHHUTTIK COyJeJep MarHUTapJblH MarHu-
TocepacklHaH OTKEHAE, OJIApJbIH (POHTHIHBIH
OacTankpl  aWHAIBIK  CHMMETPHUACHI  DJUTHTICTIK
KOH(UTYypalusiFa e3repeTiHairi aHpIKTanapl. CaHIbIK

miemiMaep HeriziHae 0i3 TeOMEeTPUsIIBIK OINTHKA
ONICTEepiH MalJajaHbIl, TPABUTAIMSIIBIK JKOHE
JUIOBAIK-MarHUTTIK ~ OPICTepIiH ocepineH OM
coyie GppoHTHIHBIH AeopMalMsCHIH ecenTeaik. by
ecenreyjiep OacTamkpl OHE COHFBI KOOpIMHATA-
Japra cyileHe OTBIPBIN, (QPOHTTHIH  MIMIIHIIK
e3repicTepiH CaHABIK Typle Oaranayra MYMKIHIIK
Oepai. @poHTTHIH nehOopMaIUACHIH KeleCi OpHEK
apKBUTBI aHBIKTAYFa 00JIaIbI:
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i — "mi
A= max mln. (10)

Tmax

MYHJAFBI T,y » Vinin — COMKECIHIIIE IIBIKKAH 3JIEKTPO-
MarHUTTIK coyJellep AUIMIICIHIH YJIKEeH oHe Kimn
XKapThl OchTepi. MyHAa OYpBITY OYPHITIBIHBIH YIKESH
MoHiHAe A-mamacelt 0.07 re TeH, anm Oyn
TPaBUTALMSUIBIK JIMH3AJIaHy MOHIHE CaJlbICTBIPFaH/a
AJUTATICTI TIITIHTEe COUKECTITIH KOPCETE i,

Bypeuty OypbImTapbIHBIH — YIIECTIpiTiMi  MeH
JKAPBIKTBIH TapaJly JKbUIAM/IBIFBIHBIH aHU30TPO-

MASCHl  DHEPTUS THIFBI3ABIFBIHBIH  YJIECTIpUIIMIH
aHBIKTayFa  MYMKIHIIK oeperi. On vy
MarHuTapablH  MarHetocdepacbiHan 30 kM

KaIIBIKTBIKTAaH KIPETiH JKOHE MIBIFATBIH JKapBIK
(OTOHIAPBIHBIH ~ ayAaHIAPBIHBIH — ayJdaHJapbIHBIH
KaThIHACTAPHI aHBIKTAJIA bl JKOHE COJI ayaHFa COHKeC
KeJeTiH pOTOH/Aap CaHBIHBIH YIECTipUTiMi TaObLIaIbI
[24]. Keneci 4-cypeTTe OCHI YAECTIpiLTIMHIH Tpaduri
TYpFBI3bUIFaH. MyH/a MarHuTapra >KakblH ayMak-
Tap/a KapPbIKTIH SHEPTUS THIFBI3BIFBI KYPT apThII,
HBICAHHAH aJIbIC KAIIBIKTBIKKA Kapail KapKbIHIbI
a3alTBIHABIFBIH Kepyre Oomnampl. CoHbIMEH Oipre,
OCBl  YJICCTIpUIIM  HEri3iHAE€ MarHUT OpiCiHIH
kpuTHKaIbIK MoHiHze (B = 108 I'c) xome moct-
MakcBeIAi mapamerpain 1 = 5.1-107° mama-
ChIH/Ia MarHeTapra JaKblH ayMakTaplaH eHIeH
KapblK (POHTBIHBIH SHEPrHs THIFBI3ABIFE 1.83 ece
apTaTBIH/IBIFBI AHBIKTAJI/IBI.

KopbIThIHABI

Byn sxymbicTa 6i3 MarHuTapAbIH KOMOWHAIINS-
JIAHFaH TPaBUTALMSIBIK JKOHE KYIITI JTUOJIBII
MarHuT epici apkpUibl eTymi OM coyne ymriH
3¢ (}eKTUBTI TeONEe3UsIIBIK TEHIEYJep JKYHeCiHiH
CaHJBIK IICIIIMJEpiHe MOy jkacaiblK. CaHIbIK
HmIeIIiMICPl OHTAWIaHIBIPY MAaKCaThIHIA MYHJa
BaKyyMHBIH  CBI3BIKTBI ~ €MeC  JJIEKTPOJIUHAMHU-
KachbIHBIH KapamaibiM Mojeni petinae bopH-
WNudensa Teopuscel KapacThIpblUIFaH. bapibik anbiH-
FaH HOTHIKEJICD aJIJBIHFBI JKYMBICTapJarbl ajbIHFaH
AQHATM TUKAIBIK TISITIMIEPMEH CaIBICTBIPBUIFaH.

Maraurap/islH JUI0baI MarueTochepacs OM
COyJieHI OFaH JKaKblH ayMakrapia KeOipek
MaibIcThIpaapl. ['paButanmsuielk  epicre, IlIBap-
MBI METpPUKAachl OOWbIHINA, HbIcaHFa 30 KM
JKaKbIH ayMaKTa SKBaTOPHAJIIbI JKa3bIKTBIKTa ChIHY
OYpBIIIBIHBIH ~ [aMachkl 55 TpaxycThl KaMThica,
KOMOMHAIWSJIAHFAH TUTIONBAI MarHuT epici oHbl 30
naibi3fa apThlK Oypbhilika Oypanbl. byn aumosmi
MarHuT OpICiHIH KYPBUILIMBI MEH OHBIH MAarHuT
MOMEHTIHIH COYJIeHIH Tapany OaFbIThIHA IEpIICH-
TUKYJIAp OOJybIMEH TYCIHIIpinedi. Amnaiaa, Dinep-
Ieitzenbepr momeni ymin MarauTapgad 100 kM
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KaIlIBIKTHIKTaH Kipymi COyJIeHIH
oypermeiaelH - CED-meiH - ymeci 30
KaMTBIFaH.

Marnur epici Kywmri 0onFaH caiiblH (pOHTTHIH
nedopMarscel  apTa  Tycemi. bacTamkpl JKapbIK
(GpoHTBI  Marserapra  JKaKplHAaraH  CalbIH
KOMOWHALMSUTaHFaH TPaBUTALMSJIBIK KOHE MarHuT
OpIiCTepiHiH 9cepiHeH KapKBIHIBI TYpAEC MaWbICa/bI.
Ochl )xyMbIcTa HBIcanFa 30 KM KaIllBIKTHIKTAaH KipreH
coyne (GpPOHTHIHBIH AeQOPMANHACHHBIH IIaMaChl
0.07-re Ten Oonmel. byn komOuHaIMsIaHFaH
JTAIOJIBI1 OpICTIH  JKApBIKTBIH  TapaTyBIHBIH
aHM3TPONHUCBIMEH TYCIHIIpiIEmi, SFHA MarHUTapfra
JKaKplH ~ ayMaKTapa IKapbIKTBIH  TapaTybIHBIH
(hasablK KBUITAMIIBIKTAPEl aHAFYPJIBLIM  ©3TepPei.
OcCbl JKYMBICTAFbl ~aNbIHFAaH HOTIIKE  AJJIBIHFBI
JKYMBICTap/ia KapacThIpbUIMaFaH.

AJITBIHFBI )KYMBICTap/ia KapacThIPbUIMaraH COH-
FBI HOTWDKE, OCBl JKapbhlK  JKBUIIAMIBIFBIHBIH
AQHM3TPONMSCHIHBIH ~ CajlapblHaH  TYBIHAANTHIH
SHEPTHUs THIFBI3ABIFBIHBIH ©3repicine Oara Oepinesi.
blkimiaM HbICaHFa >KakblH ayMmakTapAa >SHEprus
TBIFBI3ABIFEI 1.86 ece apThlll, 0/1aH ajbICTaFraH CailblH
KEeMH TYCETIHIIr aHbIKTalabl. bynm DM coyieHiH
MarHMTapAblH KOMOWHAIMSIBIK JUIOJBAL  epici
apKBUIBI OTKEH COH IIOFBIPIAaHYbIMEH TYCIHAIpiTeni.
Sran, coynenepain Oip xepre Tyiicyl SHEPTUSHBIH
KaliTa TapallyblHa >KOHE >KapBIKTBIH aHWU30TPONTEHI
yiectipimiMiHe anpln  KeJenmi, Oy  MarHerap
OpTachIHAAaFbl  (M3HMKAIBIK IpoIecTepre anTap-
JIBIKTal ocep eTyi MYMKiH.

byn  KymbIcTarel  3epTT€y  HOTHXKeJepi
MarHuTapiiapAarbl KOMOHWHAIMSUIAaHFaH TpaBUTA-
[USUTBIK JKOHE MarHWTTIK JnH3anaHy 3¢ dekrinepin
CaHIIBIK TYp/I€ CHIATTall OTBIPBIN, SKCTPEMAaIIbI
acTpO(HM3MKANIBIK SKarJaiiapaa >KapbIKTBIH Tapaiy
epeKIeiKTepiH Oomkayra MYMKIHIIK — Oepei.
AJBIHFaH HOTHXKEJIEp TraMMa CoyJIeNepiHiH dHEprHsl
THIFBI3ABIFBIHBIH,  YJIECTIPUTIMIH ~ TYCiHYTe JKoHE
onapAplH 0Oakpulay JEpPEeKTEepIMEH CalbICTHIPYFa
KeMeKTeceli. bynm JkyMeic Oonamrakra SKOFaphl
SHEPTHUsUIbl acTpodu3nKa, HEUTPOHABIK JKYIIBI3AAP
¢u3MKacel JKOHE KBAHTTHIK  AJIEKTPOAMHAMHKA
asCHIH/IAFBl  TYBIHJAHTBIH ~ JKaHA  TEOPHSUIBIK
MOJIENBAEP/Ii IaMBITY YIIIiH MaHBI3bl POJ aTKAPAJIbI.
CoHBIMEH KaTap, aJIbIHFaH HOTIKEJIEp KYLITI MarHUT
epicTepl JKarmaibIHIA DBIEKTPOMATHUTTIK CayJlie-
JIEPJIIH Tapaly 3aHIbLIBIKTAPbIH 3ePTTEHTIH O0J1alaK
OaxpuIaynIapApl JKocrapiayra KOMEKTECe .

OypbLTy
nanbI3 bl

AJIFBI €03

Byn 3eprrey Kaszakcran PecnyOnnkachiHbIH
Frouteim xoHe sxorapbl 0iiM MuHHCTpairiHiH (['pant
No  AP23490322) KapXbpUIaHIBIPYBIMEH —JKY3€re
ACBIPBUIIBIL.
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Ob6cyKaeHne CBOMCTB aKKPELMOHHOTO IMCKa B IBOMHOM cUCTEME
no pesynbTatam SPH-moaenmpoBaHua

Mpu M3y4eHUn TecHbIX ABOMHbIX cucTem (TAC) Ana NpaBuAbHOM MHTepNpeTaumMm HabatoaaTenbHbIX AaH-
HbIX M ONpeaeneHna 3BOOLMOHHOIO CTaTyCa 3B€3Abl KpaiHe BaXKHbIM ABAAETCA UCCNEeA0BAHNE CIOXKHOM AN-
HaMMYeCKOW CTPYKTYpbl NEPEHOCA BELLECTBA B XOA4E BbIYUCANTENBHOMO 3KCNepuMeHTa. B AaHHOM paboTe mo-
AeNMpoBaHMe NPOLLeCCOB akKKpeL MM KaTakanMaMmmyeckon nepemeHHom EZ Lyn (SDSS J080434.20+510349.2) Ha
OCHOBE MMeILLMXCA HabAoaaTeNbHbIX AaHHbIX NpoBeaeHO SPH-meToaoM (TMAPOAMHAMUKM CTaXKEHHBIX Ya-
cTmu). NpoBeaeHO MoAeANPOBaHNE TMAPOANHAMUYECKMX MOTOKOB B FPaBUTALLMOHHOM Noje 6enoro u Kopmy-
HEBOro Kap/MKoB, 0Opa3yroLMX YKa3aHHY0 KOMMAKTHYHO ABOMHYO CUCTEMY Ha 3Tane NnosaHen 3BOOLMM.
PaccunTaHbl koopAuHaThl (X, Y, z), COCTaBAsoWME CKOPOCTH (Vy, V), V,), Macca, MIOTHOCTb, TEMIOEMKOCT,
AaBieHune, TemnepaTtypa, NoHas aHePrusa U SHTPOMUA «4acTULL», 3a4aHHbIX HAOOPOM UCXOAHbLIX NapPaMeTPOB.
MonyYeHbl BM3yasibHble NPeACTaBAEHUA PACCUUTAHHbIX BEMYMH, NPOBEAEH MX aHanM3. bblan 0BHapyKeHbl
nepuoamyeckme cnmpanu, obycaoBaeHHble NpeLeccnen AUCcKa, 1 «pyKaBa», ABAAOWMECS CAeACTBUEM PE3O-
HaHca opbuTanbHbIX Neproaos (2:1) n nepegaym M3BbLITOYHOTO YrI0BOrO MOMEHTA AMCKA B CTALMOHAPHOM
COCTOAHUK. HeBbICOKME TEMMEPaTYpPbl aKKPELUMOHHOTO AMCKa 0OyCNaBAMBAOT NOMIOWEHNE U3YYEHNA, B OC-
HOBHOM, NpK abcopbLmmM Ha BOAOPOAE M B NPOLECCAX MOHM3ALUMM. AHANOTMYHO aHAN3Yy PEe3y/1bTaToB BM3Ya-
NM3alMn NNOTHOCTM M TeMnepaTyp, Habatogaembix B M3y4aemor cucteme, 6blam paccmoTpeHbl GAyKTyaLmm B
3HaYeHMAX CKOPOCTEN, TENIOEMKOCTU, AABNEHWA, MOJHOM SHEPTUM N SHTPOMMUM W AaHbl ONUCAHWUA N BO3MOXK-
Hble MexaHW3Mbl HabatoAaembIx Npoueccos. Busyannsauma npeacrasnera 8 2-D 1 3-D ¢opmate. PesynbTaThl
MO/Ie/IMPOBaAHNA COBMNAAALOT C HABNOAEHUAMM, NOATBEPHKAAOLMMN HECMHXPOHHOE BpalleHWe KOMMNOHEHTOB
TECHOM AIBOMHOM CUCTEMbI M BO3MOXHOCTb MNOABNEHNA pe30HaHca MX opbuTanbHbIX Neprnoaos. NpumeHaemMblit
SPH-meTOoA, MOAENMPOBaAHMA MO3BOAAET NPEACTaBUTb GU3MYECKYID MOAENb acTPOPU3NYECKOrO ABNEHMNSA, B
OAHHOM C/ly4Yae, MOAe b aKKPELIMOHHOIO AMCKa M MPOLECCOB NepeTekaHWA BelecTBa MexXay KOMMOHEHTaMM
TAC ona nocnenyrowero KoJIM4eCTBEHHOMO ONUCAHMA YUCAEHHBIMU METOAAMMN N aHANIN3a.
KnioueBble cnoBa: [BOMHblE 3BE3/1HblE CUCTEMbI, KaTaKAM3MUUYECKUE MEpPEMEHHbIE, aKKpPeUMOHHble
OVCKW, MeTOAbl KOMMbIOTEPHOrO MOAENNPOBAHMA, TMAPOANHAMMKE, METOA, CTAAXKEHHbIX YacTuu, SPH-meToA.

A.A. Arnwesa, C.A. Xoxnos, A.T. Arnwes”
on-dGapabu aTbiHAarbl Kasak yATTbIK YHMBepcKTeTi, AimaThbl, KasakcTaH
*e-mail: agishev almansur2@live.kaznu.kz

SPH-Mmoaenaey HaTuxenepi 6oMbIHLIA KOC sKyeaeri akKkpeLmANbIK ANCK KacueTTepiH Tanaay

akblH KoC Kyenepai (MKHK) 3epTTereHae, 6akplnay AepeKkTepiH AypbIC TYCIHAIPY KoHEe KyAabl3abiH
3BO/MOUMANDBIK, AEHreMiH aHblKTay VLWiH ecenTey 3KCNepUMEHTI Ke3iHae 3aTTapdblH, TacbiMafAaHybiHbIH
KypAeni AMHaMUKaNbIK KYPbIIbIMbIH 3epTTey aca mMaHpbl3apl. byn »KymbicTa Konga 6ap 6akpliay aepekrepi
HeriziHae EZ Lyn KaTakAMamaik aiHbIManbiCbiHbiH, (SDSS J080434.20+510349.2) akKpeumsanblK npouectepiH
moaenbaey SPH agicimeH (terictenren benweKkTepaiH ruapoamMHaMmMKachk!) KondaHblaabl. KeliHri aBoatoums
CaTbICbIHAA KOPCETINITEH KaKblH KOC YKYMEHI KYPaWTbIH aK »KaHEe KOHbIp eprexenninepai, rpaBuTaumanbiK,
epiciHaeri rmapoAMHAMMKANbIK afblHAAPAbl MOAENbAY KYPridingi. bactankbl napameTpaep *KMbIHTbIFbIMEH
BenrineHreH «benWeKTEPAH» KOOPAMHATTaPbI (X, Y, Z), KbIAAAMABIK Kypaywbiaapsl (Vy, Vy, V), Maccacsl,
TbIFbI3AbIFbl, ¥bl/Y CbIMbIMABINbIFLI, KbICbIMbI, TEMMNEPATYPAChI, ¥Ka/Mbl SHEPTUACHI KIHE IHTPOMNMUACHI ecenTe-
nepi. EcentenreH maHAepAiH KOpiHiCTepi anbiHAb! KaHe ofapblH Tanaaybl yprisingi. Opbutansik nepmoa-
TapAblH, pe3oHaHCbiHaH (2:1) sKaHe TypaKTbl KyMaeri AUCKiHIH apTbiK OYPbILITLIK, MMMIYAbCiHIH, TacbiManaaHybl
MEH AMCK NPeLeccuachbiHaH TyblHAaFaH NePUOATLI CNMPanbii «KeHAepP» aHbIKTaAabl. AKKPeUMAnbIK ANCKIHIH
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TOMEH TemnepaTypanapbiMeH cebenTeneTiH cayneneHyaiH *yTbiaybl CyTeriHiH abcopbumacbl MeH MoHAaHY
npouecTepiHe Tayenai. 3epTTeneTiH Kyheae HGalikanaTbiH TbifbI3AblK MEeH TemMnepaTypaHbl BU3yanumsaumanay
HaTUXKeNEePiH TaNJdayFa YKCAC KblAAAMAbIKTAP, *KblNY CbIMbIMAbIIbIKTAPbI, KbICbIM, aMbl SHEPIUA KaHEe 3H-
TPOMNMA MHAEPIHIH aybITKYbl KapacTblpblaApbl }KaHe DaliKanaTblH NPOLECTEPAIH CMNATTaMackl MEH MYMKIH Me-
XaHU3MAEepi KapacTblpblaabl. Buayanmsauma 2-D aHe 3-D dopmaTbiHAa YCbIHbIAALI. Moaenbaegy HaTuxKenepi
aKblH KOC JKYMeHiH, Kypamgac OenikTepiHiH, aCMHXPOHAbI alHaNyblH »KaHe onapAdblH,  OpbUTanbIK,
nepmoaATapbIHbIH, PE30HAHCBIHbIH, MYMKIHAIMH pacTalTblH BakblnaynapmeH calikec Kenepdi. KongaHblnaTbiH
SPH mogenbaey agici acTpodu3mKanbiK KyObibICTbIH, GU3MKaNbIK MOAENIH YCbIHYFa MYMKIHAK Bepai. byn
Kafaanaa akKpeumanblK AWUCKIHIH MOoAeni »KaHe KeWiHr cunaTTay KaHe Tanday VWiH biHFalAbl XaKblH KOC
KYMEHiH Kypamaac 6enikTepi apacblHAafbl 3aT afblHbI.

TyliH ce3gep: KOC KyNAbl3Abl Kylenep, KaTaKAM3MAIK alHbIMaNblNap, aKKpeuuanblk Auckinep,
KOMMbIOTEP/IK MOAenbaey aicTepi, rmapoAMHamMmKa, TerictenreH benwektep agici, SPH aajci.

A.A. Agisheva, S.A. Khokhlov, A.T. Agishev”
Al-Farabi Kazakh National University, Almaty, Kazakhstan.
*e-mail: agishev almansur2@live.kaznu.kz

Discussion of the properties of the accretion disk in a binary system
based on the results of SPH-modeling

When studying close binary systems (CBS), it is extremely important to study the complex dynamic struc-
ture of matter transfer during a computational experiment for the correct interpretation of observational data
and determination of the evolutionary status of the star. In this paper, the accretion processes of the cataclys-
mic variable EZ Lyn (SDSS J080434.20+510349.2) are simulated using the SPH (smoothed particle hydrody-
namics) method based on the available observational data. Hydrodynamic flows in the gravitational field of
the white and brown dwarfs that form the specified compact binary system at the stage of late evolution are
simulated. The coordinates (x, y, z), velocity components (v, vy, v,), mass, density, heat capacity, pressure,
temperature, total energy and entropy of the "particles" specified by the set of initial parameters are calcu-
lated. Visual representations of the calculated values are obtained and analyzed. Periodic spirals due to disk
precession and "arms" resulting from the resonance of orbital periods (2:1) and the transfer of excess angular
momentum of the disk in the steady state were detected. Low temperatures of the accretion disk cause ab-
sorption of radiation, mainly during absorption on hydrogen and in ionization processes. Similar with analysis
of the results of visualization of the density and temperatures observed in the studied system, fluctuations in
the values of velocities, heat capacity, pressure, total energy and entropy were considered, and descriptions
and possible mechanisms of the observed processes were given. Visualization is presented in 2-D and 3-D
format. The results of the modeling coincide with observations confirming the asynchronous rotation of the
components of a close binary system and the possibility of a resonance of their orbital periods. The applied
SPH-method of modeling allows to present a physical model of an astrophysical phenomenon. In this case, a
model of an accretion disk and processes of matter flow between components of a close binary system for
subsequent description and analysis.

Key words: binary star systems, cataclysmic variables, accretion disks. computer simulation methods.
hydrodynamics, smoothed particle method, SPH method.

BBeaenue
Teopuu (HOPMUPOBAHUS TAIAKTHK, MOJIEIHPOBAHUE

yHI/IBepcaHBHOCTB MCTOJa T'HAPOAMHAMUKHN MOp(bOJ'IOI‘ MU PCAJIbHBIX CIIMPAJIbHBIX T'aJIAKTUK; pa3-

criuaxkeHHslx 4vactui] (Smoothed particle hydrody-
namics, SPH) o0ycnaBnuBaer mupokuii psia ero act-
podusnUecknx NpUMEHEHHUH, TaKHX, KaK MOJEIHPO-
BaHME CIIEKTPOB IOTJIOUICHHS NaleKUX OOBEKTOB,
CIIOCOOHBIX OOBSICHUTH KOCMOJIOTHIO TEMHOH MaTe-
pHUH; IPUMEHEHWE XUMHYECKUX MOJENeld BHyTpHUTra-
JIAKTUYECKOH Cpefibl; 000CHOBaHME MHQISIIMOHHOM
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paboTKa BOIpoca CIHSHUS TATaKTHK U POCTa CBEPX-
MACCHBHBIX YEPHBIX ABIP; U3y4YeHHUE (QparMeHTaluu
MOJIEKYJISIPHBIX OOJIaKOB, MPOTOIUIAHETAPHBIX IHC-
KOB U 00pa3oBaHMs 3BE3J] U THTAHTCKUX IJIAHET; CO-
3/aHue OO0IIei TEOPHH OTHOCUTEIBHOCTH U YpaBHE-
HUIA COCTOSIHUS siiepHON MaTepuu [1].
CoBpeMEeHHBIN BEIYHCIUTEHHBIA 0€CCETOUHBII
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JarpaHKeBbIA METOJI, KakoBBIM siBisieTcst SPH-moa-
XOJI, TIO3BOJIIET MOJIETUPOBATH SBJICHHUSA B JBOWHBIX
3Be3max [2], 3Be3HbIE CTOJIKHOBEHIS], CBEPXHOBBIE,
KOJUIATIC, CIMSHUE YCPHBIX IBIP C HEUTPOHHBIMU
3Be3AaMH, OJHOKpaTHbIE W  MHOXKECTBEHHBIC
BCIIBITITKA OEJIBIX KapIUKOB, 00pa30BaHME TaJTAKTHK U
naxe sBomoiuio Beenennoii [3]. Ilpu aToM Komiek-
TUBHOE JBIKEHHE YacTWI] B IOTOKE BEIECTBA B
TPEXMEPHOM OTKPHITOM IIPOCTPAHCTBE acTpodhuznye-
CKHX CHUCTEM aHaJOTHYHO JABIKEHHIO MTOTOKA KHUIKO-
CTH WJIHU Ta3a, KOTOpOe ONpeAessieTcs] TAKUMH Hapa-
MeTpaMH, KaK JaBJIEHUE, INIOTHOCTH, BA3KOCTh, TEM-
neparypa. Bsi3kocTh pa3nn4arT AMHAMUYECKYIO0, KaK
Mepy COIPOTHBIICHUSI TEYEHHUIO (TO ecTh aedopma-
[IUH) JKUAKOCTH, U KMHEMATHYEeCKYI0, KaK OTHOIIe-
HUE TUHAMHYECKOW BS3KOCTH K TUIOTHOCTH JKHJKO-
ctu. B metone SPH ucnone3yercss kunemMarudeckast
BSI3KOCTb, JABJICHUE PACCUUTBHIBAETCA MO TIOTHOCTH
C TpUMEHEHHEeM YPaBHEHHUS COCTOSHHS, OMpPEIels-
€TCsI TPaIUEeHT JaBJICHNUs, TUIOTHOCTH, 3aTEM YCKOpe-
Hue yactull. [loBbIlIeHHE TOYHOCTH PacyeToOB BO3-
MOKHO TIPH CHIDKEHHH JUTHHBI CTIIXXUBAHUS U yBe-
JTHYEHUH YHCIIa YacTuil [4].

PesynpraTom mopenupoBanust THC sBisieTcs
MaCCHB JIAHHBIX C PSIIOM XapaKTePUCTUK JUIsT KaXKI0H
YCIIOBHOW YaCTHUIII, TIO3BOJISIONINHA yYUTHIBATH He-
OJTHOPOJIHOCTH B NapaMeTpax CTPYKTYp JTUCKAa M UX
HECTa0MIILHOCTh BO BpeMeHH. Buzyanuzanus mony-
YeHHBIX JaHHBIX B 2-D u 3-D dopmare sBisercs 3¢-
(heKTUBHBIM UHCTPYMEHTOM OITMCAHUSI TIPUPOJIBI HC-
CJIEIyeMBIX TMPOIECCOB, JTAeT BO3MOXKHOCTh HAXOXK-
JeHYsI UX (PU3UYECKOTO CMBICIIA M MEXaHHM3Ma peai-
3anuu. CHHTETHYECKHE TUarpaMMbl Ha OCHOBE TTOITY-
YCHHBIX BEJIMYMH TIOJOXKEHHS, CKOPOCTH, MAacCCHl,
TUIOTHOCTH, JaBJICHHS, TEMIEPAaTypbl, SHEPTHH, JH-
TPOIIMU MOTYT OBITh MMOCTPOEHBI KaK JIJISi CUCTEMBI B
HEKOTOPBIH MOMEHT BPEMEHH, TaK U B IMHAMUKE JJIs1
XapaKTePUCTUKU TIPOIIECCOB B HEKOTOPOW TOYKE,
TaKXe U BO BpEMEHH, B 3aBUCUMOCTH OT (a3bl opou-
TaJbHOTO Tepuoya. DIyKkTyanun mapamMeTpoB IMpH-
BOJISIT K 00pa30BaHUIO CIIUPATBHBIX BOJH U PYKaBOB,
MPOIIECCHI TIEPEHOCa YTIIOBOIO MOMEHTA BE/IYT K pas-
BUTHIO HEYCTOHYUBOCTH U (DOPMHPOBAHUIO aKKPEIIH-
OHHOT'O JIICKA, OTITUYECKAs TOJIIMHA JAUCKa OTpeie-
JSIeT MEXaHW3M IePEeHOCa W3ITyYeHHUs, BSI3KOCTHBIE
MPOIIECCHI OTBEYAIOT 3a EepepacipeaeeHue SHEPTUH
Y TOBBIIIIEHUE TEMIIEPATY Pl CPEIbI, TOT/Ia KaK BbIIC-
JICHHE JTY9UCTON SHEPTHH CHIDKAET €€ TEMIIEPaTypy.
BricTpas nuHamuka ykazaHHbIX mpoueccos B TJC ¢
KOPOTKMMH TIepHoAaMu [5] memaeT uX OTIHYHBIMH
KaHIUAATaMU JJIS H3yUYeHHs SBOJIIONNN acTpo(u3u-
YeCKHX 00BEKTOB, YTOUHEHUS] IMEIOIIMXCSI TEOPETH-
YECKUX MPEJICTABIICHUI U CO3/TaHUS HOBBIX.

Ilenpro maHHOM PabOTHI SIBUIICS aHAIA3 PE3YITh-
tatoB MoaenupoBanus T/C ¢ mansim nepuogom EZ

Lyn (SDSS J080434.20+510349.2) u cpaBHEeHHE NO-
JMYYCHHBIX JAHHBIX C JIUTEPATYPHBIMH, a TaKKe
HaOMIONATENFHBIMY TAHHBIMH. Pe3ynbTaThl mpuMe-
HeHuss SPH-anropuTMa TO3BOJSIOT — PacCUUTATh
CTPYKTYpY JUCKA, ONPEICIHTh 3aKOHOMEPHOCTH Tie-
peHoca BEIIeCTBa, M3NyYCHHUs, a TaKKe W3MCHECHUS
TEMIIEPaTyphl, KOTOPHIC B JajdbHEWIIEM, TIPHU TO-
0ope TOIXOMASAIIEr0 YHCICHHOTO METOJa, CMOTYT
MPOSICHUTh ~ (PU3HYECKHA CMBICT  HaOIIOJacMBIX
BCIIBIIIEK, MEPEMEHHOCTH M JIPYTUX OCOOCHHOCTEH
KpHUBBIX Onecka EZ Lyn.

MaTepnam,l U OCHOBHBIC ME€TO/bI

SPH - MeTox Obi1 BBIOpaH 1Tl MOJICIIMPOBAHHUS
MIPOLIECCOB aKKPELUNH KaTaKIM3MUYECKOM IepeMeH-
noit EZ Lyn (SDSS J080434.20+510349.2) — mazo-
maccuBHO# (M;+M,<< 30My) KOMMAaKTHO# JBO¥-
HOM CHCTEMBI Ha dTale Mo3aHeH sBomonuu. EZ Lyn,
nMest opOuTaNbHEIN niepron B uHTepBaiie 80-85 mu-
HYT, OTHOCUTCSI K KOPOTKOTIEPUOTUIECKUM TIepEMEH-
HbIM THna WZ Sge B cOoCcTOsSHUU NOKOs. bwlnm uc-
[I0JIb30BaHBI CIECAYIOLINE HCXOIHBIE TapaMeTPhl MO-
nenu: nnuHa craaxuBanus 0,01R o, ckopocTs mepe-
Hoca uactun 1000 mepuon™ !, mar cumynsrmu
50,796 c, HauanpHas temmnepatypa dactuipl 1900K,
Macca akKpelMoHHoro aucka 10"6Mg, a Takxke pyH-
JIAMEHTaJIbHbIE XapaKTe-PUCTHUKU TECHOM JBOMHOMN
3BE3/Ibl, MOJyYeHHBIE M3 HaOJIIOJAaTENbHBIX AaHHBIX
[6]: macca Genoro kapnuka M;=0,85Mg, mMacca Ko-
puuHeBoro kapnuka M,=0,048My, opOuTaNbHBIN
nepuoza P=5079,6 ¢, ckopocTh MaccorepeHoca (TemMi
akkpern) 8,56- 10718Mg/ c.

B nannoit paboTe HCIIoab30BaHbl OOLIETIPH-HSI-
ThI€ B COBPEMEHHOH acTpodusuke o0o3HaueHus. B
TEX CJIy4asix, KOr/ia IPUMEHSIOTCS] ypaBHEHHUS U rpa-
(uKy, B3ITHIE B OPUTHHAIBHOM JIUTEPATypE, UCIIOIb-
3yeTcst aBTOPCKAas PeJlaKus C OSCHEHUSIMU H 3aMe-
HoH. Taxxe cneayer NOMHUTh PABHOLIEHHOCTh HEKO-
TOPBIX CHHOHMMOB, BCTPEYAIOIINXCSA NPU ONMUCAHUH
CHCTEMBI, KaK TO 3Be3/la | = 3Be3/[a-aKKpeTop = nep-
BHYHAs 3Be37a = (3/1eCh) OEIbI KapiuK; 3Be3aa 2 =
3Be3/1a-JOHOP = BTOpUYHAs 3Be3/a = (34eCh) KOpHU-
HEBBIN KapJIHK.

OO0cy:xkaeHue U pe3yJbTaThl

Pe3ynbTaThl MO/ICTHPOBAHHS MIPEICTABIICHBI HA
pUCYHKax 1, 2 B BHJIe CHHTETHYECKUX AHAarpaMM pac-
npeneneHns TUIOTHOCTH BEIECTBa JUCKAa U SHTPO-
nun. beina oOHapyskeHa mpeneccust IUcKa ¢ Mepuo-
JUUYECKUMHU CIMPAIIMH, BbI3BaHHASI PE30HAHCOM Op-
OurtanbHbIX meproaoB (2:1) m mepemadeld U30BITOY-
HOTO YIJIOBOTO MOMEHTa JTUCKa B CTAI[HIOHAPHOM CO-
crosiHuM. Ha pucyHke 1a xopolo BuiHa cripaibHast
BOJIHA NIPELIECCUOHHOTO THUIA B IIEHTPAIbHOU 4acTH
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nucka. braronaps ruapoarHaMUYECKOMY pEIICHUI0
9YEeTKO BUIHBI 000pOTHI crivpaiu. Taxke mpociuexu-
BAIOTCSl pyKaBa MPWIMBHOM CHHUPANbHOW BOJIHBI
cIpaBa W ClEBa, HaJMYUE KOTOPBIX MOXKET OBITH
OIIPEIEJICHO MO MOSIBJICHUIO ABYXIIMKOBBIX CIIEKTPOB
(o "uHcy cupaIbHBIX BOJH) 33 KaXKIbIH OpOUTaITb-
HBI mepuoa Ha KpuBbix Onecka TIAC, Tem cambiM
MIPUJIMBHOE B3aUMOJICHCTBHE MEXTY KOMIIOHEHTaMHU
CHCTEMBI CBSI3BIBAET JBOMCTBEHHOCTH 3BE3] CO CBOM-
CTBaMHM OKOJIO3BE3HBIX AUCKOB [7].

YacTtu amcka, COOTBETCTBYIONINE HAHOOIBIIUM
3HAYEHUSIM IUIOTHOCTH HAa PUCYHKE paclpelesIeHHs
IUIOTHOCTEH B OTHOCUTENBHBIX €OUHULIAX (KpacHbIE
TOYKH), UMEIOT HAUMEHBIIIYIO SHTPOITUIO, YTO BUIHO
u3 pucyHka 10. ['paduk pagmansHOTO pacmpenesne-
HUS SHTPOIMH MOKA3bIBAET OOJIBLIYIO YIOPSIOYEH-
HOCTb CHUCTEMbI B CpeHEeH yacTu jaucka (moka3aHo
YCPHBIM BETOM, COOTBETCTBYIOIUM MCHBIICMY 3HA-
YEHHIO SHTPOIHUK). B manmbpHeieM mporeccsl mnepe-
Jla4u U30BITOYHOTO YIJIOBOTO MOMEHTA JUCKa IPUBO-
JIAT K TepepacrpesieeHHI0 TIOTOKOB C BO3MOYKHBIM
yBeTUYEHHEM TYpOyJEHTHOCTH M TOBBIIICHUIO 3H-
Tpormu (IT0Ka3aHO CHPEHEBBIM IIBeTOM). M3-3a mepe-
pacnpezeneHus yriioBoro MOMEHTa B X0/I€ AUCCUTIa-
TUBHBIX ITPOLCCCOB MMTPOUCXOIUT PAAHUAIIBHOC IBHUKC-
HUE BEILECTBA. YTIJIOBOH MOMEHT MEPEHOCUTCS
HapyXy U, TakKuM 00pa3oM, MOTOK MacChl BHYTPb.
Cpenn MHOTHX TIpeNJIOXKEHHBIX MEXaHH3MOB Tepe-
HOCa YIJIOBOI'O MOMEHTA BSI3KO€ HAIPSDKEHUE CUUTA-
eTcsd OIHUM M3 Hamboyiee BEPOSATHBIX IPOLIECCOB.
YacTp BeliecTBa OTBOAUTCS HApYXKy, YHOCS U Iepe-
JaBast N30BITOK YIJIOBOIO MOMEHTA B COOTBETCTBHH C

[8]:
J=mrvu ] =\JGMmvr.

Hpyras 9acTe npu mpoI0IHKAFOIIEMCs YBeTnde-
HUU SHTPOIHH (TTOKa3aHO CHHUM U TOJTYOBIM IIBETOM)
JIBIDKETCSI K TPABUTUPYIOIIEMY [IEHTPY C TIOCIEAYIO-
mei akkpenuei. Takum 00pa3oM, BSI3KOCTHBIEC JTHC-
CUIIaTUBHBIE POLIECCHI IPEBPALIAIOT HCXOAHYIO PaB-
HOBECHYIO ra30BYI0 KOH(HUTYpaIUIO BENIeCTBa, BXO-
JISIIIIETO B CPENTHIOI YacTh JMCKA, B aKKPEIMOHHBIH
JTUCK.

st Touek, HAaXOIAIIMXCS B KOOPIUHATHOU
mwiockoctr XOZ Ha pacctostann 0,17-0,18 pagmycos
CornHIIa OT IIEHTpa Macc CO CTOPOHBI KOPUYHEBOTO
KapiuKa, ObLUTH PacCUMTaHBI 0oJiee BHICOKHE 3HAYe-
HUSl TUIOTHOCTH (PUCYHOK 2a, TOKa3aHO IBETHOU
CTpPEJIKO#i), uTo Ha Tpadukax B miockoctu XOY co-
OTBETCTBYET TOYKAM I[BETHOW JIMHUU (PUCYHOK 20),
YKa3bIBAIOIICH Ha IMOJIOKEHUE CIHUPAILHOW BOJHEI,
chopMHpOBaBIICHCS B pe3ylbTaTe HAOKEHUS Tpe-
IIECCUOHHBIX WM TPWIMBHBIX MPOIECCOB (IIBETHAS
cTpenka 1), HO B OobLIeH Mepe AEMOHCTPUPYIOLIEH
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BO3MOXHOE IOJIOKECHUE TOPSTYeH JTMHUHU JHO0 TOpsi-
Yero ISITHA, 00Pa3yIONINXCs B pe3ylbraTe GopMHupo-
BaHUS yIapHOW BOJIHBI JINOO YAapHOTO B3aUMOJEH-
CTBHSA CTPYM BEIIECTBA C AKKPECUHUOHHBIM JAHCKOM
(TBeTHAas cTpenka 2).

Pe3ynpTaTel MOZENMPOBaHMS COBMNAAAIOT C
HabOmromaTenbHBIME JaHHBIMU (Amantayeva, 2021:
16) yka3plBalOIIMMH Ha HECHHXPOHHOE BpallleHHE
KOMIIOHEHTOB TECHOM IBOMHOM CHCTEMBI U HAJIM4YUE
pe30HaHca OpOUTATBHEBIX ITEPHOIOB OEIIOT0 M KOPHY-
HEBOTO KAapJIMKOB. 3B€3/lbl MEHSIOT CBOIO B3aUMHYIO
JIOKALIMIO, CJICACTBUEM YEro SIBIISICTCS MOSIBICHUE HA
JUCKE TIPUIIMBHOTO Top0Oa, KOTOPBIN ABMKETCS C TOU
e YIIOBOHW CKOPOCTBIO, YTO M 0Oojiee MacCHUBHas
3Be3/1a, HO C 3ama3AbIBaHueM 10 (asze n3-3a HaJTu4usl
HEKOHCEPBAaTHUBHBIX IPOLIECCOB.

; MaoTHoOCTL BEUWEeCTBa B aKKpPEeUNOHHOM 200
B0
180
160 60
L
140 A0
NosepxMoc Ty
Genoro xapanes
NepepxHoCTS 120
oTOpWNHON JDelan ?0
Nepaas ToMna
Marpaesa
04 02 00 02 0.4 0.6
a
1e-9
=
1.75
1.50
1.25
1.00
0.75
J 0.50
-0.4 |—NoeepxHocTs 6/0r0 KAPAUKA
0.25

—NOBEPXHOCTE BTOPUYHOM 388348
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Pucynok 1 — Pacnipenenenre mioTHOCTH
BemecTna (a) u dSHTpoIHH (0)
B AKKPELIMOHHOM JMCKE
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MnoTHOCTL BeuwlecTBa

T1e-11
B aKKpeLMOHHOM aucke (r/cm’) a

H ZVS

041Z
034
u’ 2,0
0,2
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Y 1.5
i ”__.
0,14
1,0
027 1—
NoBepxHOCTL Benoro Kapavka
gj — NOBEPXHOCTH BTOPUYHOWN 3BE3/1bI 0.5
Mo04 02 00 02 04 06 X
Y
A
[MAoTHOCTL BeWecTeBa B aKKPeUWMoOHHOM Aucke 25
r/CMB, Te-11 ¢
04y
7 20
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Pucynok 2 — Pacnpenenenue mioTHOCTH B aKKpe-
IIUOHHOM Jucke B miockocTsix XOZ(a) u XOY (0)

U3 touku Jlarpanxka L; yacTuupl BBUIETAIOT C
MaJIoil CKOPOCTBIO

v=0,03/G(M; + M,)/A =
0,03,/G(M; + M,)/A =

6,6743 x 10~11 x (0,85 + 0,048) _
X 1,98892 x 1030/4,1084 x 108

0,03,/2,901527 x 101 = 1,61597x 10*m/c =
16,1597 xm/c

0,03

IIpn ynanenun gactun ot Touku Jlarpamxka Lq
CUJIa TIPUTSDKCHUS OEJIoro Kapiimka CIoCOOCTBYET
YBEIMYEHHUIO WX CKOPOCTH, KOTOpast BO3pacTaeT 10
CBEPX3BYKOBBIX 3HAYCHHH.

Crpys BeliecTBa, Ha KOTOPYIO ACHCTBYET CHIIA
Kopmnonuca, 06pa3yer yroi ¢ INHACH, COSTUHSIONIEH
LEHTPBI 3Be3/1. B cooTBercTBUU ¢ paboToii [9] BbIpa-
JKEHHEe JJIsl yIiia OTKJIOHEHUS! CTPYH IPEeCTaBICHO
CIEAYIOMUM 00pazoM

cos(2v,) = (— g) A+ /1 - gA_l,

rIe
_ u 1-p
Xpi—1+pl®  Xp+ul®’
Mp
n= )
Mp+M¢

rae My — ato macca Gemoro kapiauka My (detached
component - o6oco0neHHOro KoMmoHeHTa), M, —
Macca KOpHYHEBOTo Kapiuka M, (contact component
— KOHTAQKTHOTO KOMITOHEHTA).

__Mp _ My
H Mp+M¢c  Mi+M,
0,85M
© = 0,9465.

"~ 0,85M+0,048M

IIpu stom X;; - xoopauHata Touku Jlarpamxka L
(X11,0,0) B cucTeMe KOOPAMHAT C HAYAIOM B LICHTPE
Macc cUCTeMbl. AOcuucca TOUky Ly onpenenseTcs mo
YpaBHEHHUIO

1_
XL1+ ‘u 2 -_ M > —
[Xp1—1+u| (Xp1+ul
0,9465 1-0,9465
Xt - =
|X£1—1+0,9465|2  |X;1+0,9465|2

Pemenne manHoro ypaBHeHus i ciydas EZ

Lyn  (SDSS  J080434.20+510349.2)  naer
XL1: = 0,7068
_ 1-u
[Xp1+ul®

[Xp—1+ul3

)

" 1-0,7068—1+0,9465|3

1-0,9465
————— =6,0289
(—0,7068+0,9465)3 !

cos(2v,) = (— g) A"l + /1 - gA‘l =

4
(— §) 6,0289°1 +

+ /1 — 26,0289-1 =0,7022.

2vg = arccos 0,7022 = £45,396°

Vg = 145,396 °/2 =+£22,7°.

YT0J OTKIIOHEHUS CTPYU 3aBUCHUT TOJIBKO OT
COOTHOIIIEHUS MacC KOMIIOHEHTOB TECHOU IBOMHOU

cucremsl (TJC) v = f(q), toe q = % I'paduueckoe
1

NpeJICTaBIeHUE 3TON 3aBUCHMOCTH MTOKa3aHO B pa-
6ote [10], 3mecs — Ha pucyHke 3. MOKHO BHIETH,
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YTO YTOJ MOBOPOTA CTPYH JICKUT B AUANA30HE OT —
28,4° mo — 19,5°.
Jlns paccMaTpuBaeMoi CHCTEMBbI
_ M, _ 0,048

g= M, 085 = 0,056;

Ig q = Ig 0,056 = -1,252.

I'paduueckoe pemieHne 3afgaudl HaXOXKIEHHS
yTJia OTKJIIOHEHUsI CTPYH (PUCYHOK 3) naeT 3HaueHHue
Vs = 22,7 °, 4TO MOJHOCTHIO COBIAJAET C PEILIEHHBIM
aHAJTUTHYECKH coraacHo [9].

_p L Yron oTknoHeHua cTpym

vy, rpit

- 22,7 rpaa

{lgq=-1,252 q

s 1 raand L sl

28 L senul Lol

10°° 10 10" 10" 10 107

AR ESTIT

PucyHnoxk 3 — 3aBrcHUMOCTD yTi1a OTKIOHEHHS CTPYH
OT cooTHOIIeHUs Macc komrouneHToB TJC

ITony4yeHHsbIl JByMS METOJAMH YIOJ OTKJIOHE-
HUS CTpyH Vg = 22,7° HaHeceH Ha rpauuecKuii pe-
3ynbTar MojenupoBanus SPH-metomoM (pucyHOK
20), Ha KOTOPOM H300paKeHUsI TOUYEK JAl0T TAaHTECHC
HaKJIOHA TPAeKTOPHHU, COOTBETCTBYIOLIHHA OONBIIEMY
yray (=27°), 9T0 MOXeT ObITh Pe3yIbTaTOM B3aUMO-
NEUCTBUSL CTPYH C HEAKKPELMPOBAHHBIM Ta30M, 3a
BpeMsi KOTOPOTO CTPYsl YCIIEBAaeT MOBEPHYThCS Ha
9yTb OOJBIINHA yrod.

B cny4ae kpyroBoit opOUTBI 1 CHHXPOHHO Bpa-
MIAIOMIEHCS BTOPUIHOM 3Be36I 00001enne HproTo-
HOM TpeThero 3akoHa Kernepa jgaet B3auMocBs3b 1a-
pameTpoB opOUTHI (OPOUTATIBLHOTO IEPHOAA B Yacax U
paccTosiHuSI MEXIY 3BE3aMH B CM) C OTHOCHTEIIb-
HbIMH Maccamu 3Be31 [9]:

PZ — 47233
orb T GIM(1D)+M(2)]

2

1 1
a=3,53x 10"M; (1)(1 + q):P} , (uac) cm,
rae M;(1) = M(1)/ M. Torma B caydae EZ Lyn

(SDSS J080434.20+510349.2) paccTosHuE MEXIY
3Be3/1aMHU-KOMIIAHbOHAMHU:
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a=23,53x 100 x 0,85%/3(1 +
+0,056)1/3(1,411)%/3 = 4,284x 10 %cm

Paccrosane mexnay 3Besnamu T/IC mo pesymis-
TaTaM MOJIEIIMPOBAHMs KPHBEIX Oiecka [6] paccun-
TaHO, KaK

a=0,59R5=0,59%6,9598 x 1010 cm =
=4,106x 101° cm.

KopuuHeBslii Kapauk coBepmiaer 2ma 000poT 3a
nepuoa P=5079,6 ¢, TeM caMbIM UMes] OTHOCHUTEIb-
HYIO CKOPOCTb

v = 2ma _ 2X3,14X4,106X10° kM
oTH — p 5079,6 ¢

= 507,63 xm/c.

Ecmu panuyc 6enoro xapnmuka Ryp = 0,0094R ), TO
JMaMeTp

Dyp = 0,0188R=0,0188x6,9598 x 105 ku =
=13084,42 xm.

Toraa Bpems BX0/a WJIH BBIXOJ1a O€JIOr0 KapiiuKa u3
(ha3bl 3aTMECHHS

. _ Dwp _ 1308442 ku
BX/BBIX™ 3, T 507,63 k/c

=25,775 c.

Ha pucynke 4a npeacrasien pa3dopoc Temmepa-
Typ B aKKPEIIMOHHOM JIUCKE IO pe3yJIbTaTaM MOJIe-
TUpoBaHus. MOXXHO BUIETh, YTO YACTHIIBI IOKUIAFOT
Touky Jlarpamxa L, ¢ MEHBIINMU TeMIIEpaTypaMu (=
2000 K, moka3aHo CHHUM ITBETOM ), KOTOPKIE 110 MEpe
nerkeHns BospactatoT (= 5000 K, romyObie Toukn
cTpyu). Bxomsmue B muck gactuibl ctpyn (= 9000 K,
3eJICHBIM IIBETOM) UMEIOT elle 00Jiee BEICOKYIO TeM-
neparypy, Onaromapst 4eMy MOXHO HaOIoIaTh MX
XapaKTEepPHBIE TPACKTOPHUH, IPEJICTABICHHBIE B pa-
6ote [12], 3mech — Ha pucynke 46. Pazorpes mucka
CBSI3aH C KUHETUYECKUM YIapOM YacTHIIAMU 3BE3]I-
HOTO BETPa, ABIKYIIUMHCS CO CBEPX3BYKOBBIMH CKO-
poctsimu, 1 GOpMHPOBaHUEM YAapHOH BosHBL Cpej-
HSISI 9aCTh AHCKa pasorpeTa no nopsaka 10000 K.

HaumMenbliee AOCTHXHMMOE paccTOSHUE Ry,
MEXy TPASKTOPUSMH YACTHII U IIEHTPOM aKKpeTopa
pu otHoMmeHMsIX Mace 0,05<0<1 ompenemnsieTcs cie-
IOYIOLIMM 00pazom

Rnin = 0,048 7044

=min = 0,048 7046 = 0,0488x 0,056046% =
0,1859
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. Rmi .
Halinennoe 3HaueHue % = 0,1859 ¢ BO3MOXKHOI

TOYHOCTBIO YKa3aHO Ha pUCyHKE 4a (pO30BBIi OTpe-
30K) U COBMAJaeT C COOTBETCTBYIOIIMMH TOYKAMH
TPAeKTOPUH YACTHII, BHIOPOIICHHBIX M3 TOukW Jla-
rpanxa L;. [lanbHeliee paguaibHOe TBUKCHUE Ya-
CTHUI] OIpEACsIeT TEeMIEpaTypy aKKPEIIHOHHOTO
JUcKa. JIBHXKyIIHECs HApyKy YacTHUIIbl MOCTEIICHHO
CHIXKAIOT CBOIO TEMIIEpaTypy, U, HA00OPOT, B J1ajb-
HEHIIeM aKKPEIUPYEMbIC OCITBIM KapIUKOM YaCTHUIIBI
MPU IBUKEHUH K HEMY YBEJIIMYHUBAIOT CBOKO TEMITEpa-

Typy.

\ 1 “Temneparypa selecrsa 8
Y paryp Ly 25000
o AKKpPeunoHHOM aucke, K
' — 1859 20000
02
15000
0,0 "
10000
-0,2 NoBepxHoCTS ‘
T BeNoro KapnuKa
NosepxmocTy 5000
04 BTODMSHOM J803 A
' Nepeas ToNka
- farpawa Ao

04 -02 00 02 04 06

06 T g T —r r—r—t ﬂ
| TpaeKTOpUM HacTvL B Op6UTaNbHO |
l
0.4 LNNOCKOCTH |
]
oz | 1
L ]
o0 r. 4
02 -
04 b initlal vedocny o
0030 av:wyg N‘;&"‘:’M
[ 0030 -00K -
0030 0000
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Pucynok 4 — Pactipenenenue reMeparypsl B ak-
KPEIIMOHHOM JHCKE (a) U TPaeKTOpWH JacTuil (0)

B Hamiem ciydae paamyc Oenoro Kapiidka paBeH
Rywp =0,0094R), a = 0,59R. Torna Ry, B paau-
ycax ComnHiia 6yeT paBHO

Rpin=0,1859 = 0,1859x0,59R 5= 0,1097R 5

MOXHO BUACTH, 9TO Ry, in>Ryyp. DTO 03HAYAET, 4TO
CTpyS BEUIECTBa, HCITyIIEHHOTO 13 Touku Jlarpamka

L, orubas akkpeTop, ABMKETCS MO KPUBOJIMHEHHON
TPaeKTOPUH A0 TOM 4acTH AMCKA, A€ MOTEps] KUHE-
THUYECKOW JHEPIUH KOMIIEHCHPYETCS HapacTaHHEM
MOTEHIIMATBHOW SHEPrHU MPUTSDKEHUsT K Oeromy
KapJIuKy, B pe3yJbTaTe 4Yero YacTHUIbl «BO3Bpallla-
IOTCS)» B aKKPELMOHHBIM JUCK TakK, YTO UX TPACKTO-
pHH TIepecekaroT caMmy ceds B ONpeelIeHHON TOUKe
(pucynku 2a, 20).

Taxxe u3 pucyHka 2a MOXKHO HAONIOIATh, YTO
TEMIIEpaTypbl YACTHL, 0OPa3yIOIINX JBE IPUINBHbIE
BOJIHBI, HEOJJMHAKOBEI. bollee BEICOKHE TeMIEpaTyphl
XapakTepHb! Ul YaCTHL NPUIMBHOM BOJHBI CO CTO-
POHBI 3Be3dbl-NoHOpa. HaOmromaTenbHble AaHHBIC
JIAfOT 3HAYCHHUS] PABHOBECHON TEMITEpaTyphl CTAIIHO-
HapHBIX aKKpelnoHHbIX auckos B TJIC mopsaka 10*
K, 4ro cormacyercs ¢ pesynpTataMu MOAEIHPOBA-
HUSL.

Pe3ynbpTaThl rHAPOAMHAMHYECKOIO MOIEIUPO-
Banus o Merony SPH coBnamaroT ¢ razoauHamMuye-
ckumu metoaamu (Fridman, 2008: 26), cornacHo ko-
TOPBIM TOpSIYME JUCKU C TEMIIEpaTypoil Topsaka
10°- 10° K B momypas/ieTeHHBIX IBOHHBIX CHCTEMAX
HUMEIOT JJUTMNTUYECKYI0 (OPMY C OJHHM PYKaBOM
MPWIMBHOW CIHpaTbHON BOJIHBI, TOTAAa Kak Oonee
wiotHele Xxonomauble aucku (10* K) npakruuecku
HUMEIOT KpYroByro (GopMy ¢ aBymsl pykaBamu. B ciy-
yae cuctemMbl EZ Lyn temmnepaTypa cOOTBETCTBYET
CJIy4yaro XOJIOJHOTO JTUCKa KPYTiod (OpMBbI ¢ ABYyMS
pyKaBaMU NIPUJIMBHOW BOJIHBI, 8 pa3HHIIA B X TEMIIC-
patype, COOTBETCTBEHHO, M B JIy4eHCITyCKaHUU
JOJDKHA OTPa3UThCS Ha PasHUIE B MAKCUMyMax Cy-
nepropOoB, 0KUJAEMBIX IPUMEPHO Ha MOJIOBUHE Op-
OUTaILHOIO TIEPUOJIA.

Asroper  [13] mnpemiararoT HENpO3pavHOCTH
Cpedpl ONpEAENsTh Yepe3 3aBUCHMOCTh KOHCTAHTHI
MOTJIONIEHHSI OT OCHOBHBIX [TAPaMETPOB IIOTHOCTH
TEMIIepaTypbl MPU Pa3IMYHBIX MEXaHU3Max IOrJIo-
ieHus u3nydenus (tabmuna 1):

k= kipaTb.

Tabauua 1 — 3HadeHns TOCTOSHHBIX IS OTpeIee-
HUS KO3 PUIMEHTA TIOTIIONICHUS

ki a b

MexaHu3m npotiecca 1no-
TJIOLEHNUs U3JTYyYEHUs

Iornomenne Ha MoJeKy- 1078 2/3 3

JlaX BOJOpoJia

Ilornomenue Ha aTomax 10736 1/3 10

BOJOPOJAA

CBs13HO-cBOOOgHBIE U cBO- | 1,5% 102° 1 -5/2
001HO-CBOOOIHBIC  TEepe-

XOJIbI DJIEKTPOHOB

[Tornomenue npu paccesi- 0,348 0 0

HUMU DJICKTPOHOB
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3HavyeHus] TIOTHOCTEW W TeMIepaTyp 4acTull,
MOJIy4EHHBIE IIPU MOAEIHPOBAHUH, TOACTABIISUINCE B
BBIPO)KEHUSI U KaXKAOTO W3 MPEIUIOKEHHBIX MeXa-
HU3MOB JJIS TIOJTyYeHHsI TpapuuecKoil 3aBUCUMOCTH
KOHCTAHTHI MOTJIOLICHUS OT TeMIepaTypbl (PUCYHOK
5a). TakuM 00OpazoM ompeesics TeMIepaTypHBIH
WHTEpBaJl HanOoyee BEpOATHOIO MEXaHHW3Ma IOTJI0-
LICHUS U3MydeHus (pucyHOK 50). YacTuiel B cpel-
HEHl 4acTH aKKpEeLUHOHHOI'0 AMCKAa MMEIOT TeMIlepa-
Typel mopsaka 7500 K (pucyHok 4a). Hesrvicokue
TEeMIIepaTypsl aKKPEIHOHHOI'O JAWCKa OO0yClaBiIu-
BAIOT IOIJIOLICHUE U3JIyYeHUs], B OCHOBHOM, IIpH a0-
copOIMy Ha MOJIEKYIax (PUCYHOK 5, KpaCHBIM) U aTO-
Max BOJOPOJa (PUCYHOK 5, 3€JICHBIM).

KoaddurueHT noriaomeHus 3aBUCUT OT MHOTHX
napamMeTpoB, HO HauOoJjiee 3HAYUTEIBHOE BO3ACH-
CTBHE Ha MEXaHU3M TOTJIOUICHHUS OKa3bIBAET TEMIIe-
parypa. Ha prucyHke 5 KpacHBIM y4acTKOM JI0 TOUKH
TepeceyeHns C 3eJIeHOM MpsSAMOil moka3aHa 001acTh
MOTJIOIICHNS HM3Jy4eHHs Ha MOJIEKyJax BOAOPOIa,
4TO cOOTBeTCTBYeT Temmeparype no 3000 K (IgT =
3,5). HaunHas ¢ mepecedeHus 3TUX MPSMBIX U, COOT-
BETCTBEHHO, ¢ TemmnepaTypsl nopsaka 3000 K (tem-
nepaTypa aTOMH3allid BOAOPO/a) HabIroIaeTcs mo-
TJIOIICHUE aTOMaMHU BOAOPO/ia (3€JCHBINA yUacTOK).

Ipu Temneparypax nopsiaka 7900 K (IgT = 3,9),
MIPU KOTOPBIX BECH BOJOPO/I HAXOAUTCS B ATOMapPHOM
W, YaCTUYHO, HOHU3MPOBAHHOM COCTOSIHHH, 3€JICHBIH
YYacTOK 3aBUCUMOCTH Ha PHCYHKE 5 UMeeT, IpuieM
MPAaKTUYECKH B OJHOM TEMIIEPAaTypHOM AMAIa3oHE,
NepeceueHre C y9acTKOM, OTBETCTBEHHBIM 32 ITOTJI0-
LIEHHE IPU MOHU3AIMK BOJOPOJia U HOTJIOLICHHE Ha
CBOOO/HBIX 3JEKTpPOHaX (ITOKa3aHO CHHUM), W C
YYacCTKOM, CBHUJICTENBCTBYIOIIEM O TOMCOHOBCKOM
paccessHIH JIeKTPOMArHUTHOTO M3IyYeHUs Ha 3apsi-
KEHHBIX YacTHLaX (IoKa3aHo YepHbIM). [Ipu Temme-
parype mopsinka 10000 K (IgT = 4) Bech Bomopon
HaXOJIUTCS B MOHM3UPOBAHHOM COCTOSHHH. Takum
00pa3oM, MOXKHO CJIeJIaTh BBIBOJL O CMEHE MEXaHU3Ma
norIomeHus u3nydeHus. [Ipu sToM 3apsokeHHBIE Ya-
CTHIIBI, B OCHOBHOM, NPEJICTaBICHBI CBOOOJHBIMU
AIIEKTPOHAMHU.

Takum 00pa3oM, aKKpEIMPYEeMblil Ta30BbIH 110-
TOK, B OCHOBHOM, COCTOUT M3 aTOMOB BOJIOpO/ia, KO-
TOPBIN YaCTUYHO MOHU3UpYeTCs. I1oIHON noHu3anuu
MOJIBEPraeTcsl 4YacTh MOTOKA, KOTOpas MEPEXOAMT B
30HY HEOOpaTUMOro COJNIMXKEHUs ¢ TIEPBUYHON 3BE3-
JIOH, B TalIbHEHUIIIEM €10 TOTJIoIaeMasl.

[IpencraBiaenue o 3Be3le, Kak HOJIUTPOIHOM
mrape, AaeT BO3MOKHOCTb HCIOJIb30BaTh MOIUTPOII-
HOE ypaBHEHHUE U1 OIIMCAHUS XapaKTEPUCTHUK aKKpe-
LIUOHHOT'O IUCKa.

1
P=KpY =Kp'*n
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— ypaBHEHHE COCTOSIHHS ra3a MPH yCIOBHH, YTO TEIl-
JIOEMKOCTD Ta3a MOCTOSIHHAS, & BHYTPEHHSS SHEPTHS
— nMHEHHas 1Mo Temneparype GpyHkims [14].

w
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o
5
10+
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a
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o
0
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PucyHok S — TemnepatypHast 3aBUCUMOCTb KO-
3¢ QuUIMeHTa MOTJIONICHUS

16 |9 P

18 |lg P = -51709393400496495+1,6698767371849506 Igp

P = 6,746222487760883e-06 x p™1,6698767371849506

201

22

Ig p

10,25 -10,00

11.75 11,50 11,25 11,00 10,75 -10,50

Pucynok 6 — [lonutponHast 3aBUCUMOCTb MEXAY
JaBJICHUEM M IUIOTHOCTHI0 SPH-yacTHl
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[Tonmy4yeHHbIE pe3yabTaThl IO COCTaBY aKKPEIH-
OHHOT'O JMCKa IMOATBEPXKAAIOT IPaBOMEPHOCTH MPU-
HATHS JUTS MeTofa SPH 3HaueHus moka3aTensi OIHT-
pomsl y=1,67 u UHIEKca MonuTponsl N = 1,5, xapak-
TEepHOE U1 OJHOATOMHBIX Ta30B (pUCYHOK 6). [Ipu
3TOM HaJI0 IOHUMaTh, YTO YKa3aHHOE TEPMOANHAMU-
YeCcKOe BBIPAKCHUE HE SIBJIACTCS YpaBHEHHEM COCTO-
SHUS, ONPEACISIIONNM IaBJICHHE, KakK (QYHKIHIO
IUIOTHOCTU. B 3aBHCHMOCTH OT pacHojOXeHus ya-
ctunl MeToaa SPH Ha mikane pajanycoB MeHsieTCs UX
IUIOTHOCTD, JTaBIEHUE TaKke OylIeT 3aBHCETh OT pa-
Iyca, TO €CTh JOKALMK YaCTHIl, YTO ¥ AEMOHCTPU-
pyeT JaHHas 3aBUCHMOCTb.
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Y P 10
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Pucynok 7 — Pacnipenenenue naBienus (a) v IioT-
HOCTH BeriecTBa (0) B aKKPEIIMOHHOM JIUCKE

CoriacHo MOJUTPOITHOMY YpPaBHEHUIO pacrpe-
JICJICHUE 30H IOBBIIICHHOTO JABJICHUS COBIAIACT C
pacnpezeneHueM o01acTell ¢ TOBBIIICHHOW TIOTHO-
CTBIO aKKPEIIMOHHOTO JHMCKa, NMPH 3TOM, €CIIH pac-
CMOTpETh CHHpallb MPElHECCHOHHOW BOJHBI B IICH-
TPaJILHOM YaCTH JMCKa HA CHHTETUYCCKUX JTUarpam-
Max pacrpeeNICHus TaBlieHus (PUCYHOK 7a) U TIJI0T-

HOCTH (PUCYHOK 70), TO MOXHO YBHIETb, YTO OHA CO-
CTOUT U3 ABYX CHOUpPAJIEH - OJHA U3 HUX CO CpeaHei
YaCcTH MCKa MPOTHUB YAaCOBOM CTPEJIKU YBIIEKAET Be-
IIECTBO K OEJIOMY KapiIMKy, KOTOPBIN B JalbHEHIIIEM
3TO BEIECTBO aKKpeuupyeT. Bropas cnmpais Taxke
CO CpellHEeW 4YacTu JAMCKa MPOTUB YacCOBOM CTPEIKU
YBJICKAET BEIIECTBO K HAPYKHOM YaCTH JUCKA, B 00-
JIACTh MEK3BE3/THOTO rasa ¢ AajbHeHel qekpennei.
OT1oT rpaduyuecKuil pe3ynbTaT MOJETUPOBAHUS JIe-
MOHCTPHPYET IPOILECCH TMepeHoca H30BITKa YTIIO-
BOT'O MOMEHTa 4epe3 COMKEHUE BeleCTBa BHYTPCH-
HMX YacTel JHMCKa C MePBUYHOM 3BE3/I0M, a, 3HAYUT,
YMEHBIIIEHHE WX YTIIOBOTO MOMEHTa. YacTuilel xe,
YBEIUYHUBAKOLIUE IIPU CBOEM JBUKEHUU K HAPYKHOU
YacTH JIMCKa YIrII0BOM MOMEHT, B JIaJIbHEUIIIEM TTOKHU-
JAIOT CHUCTEMY, TiepefaBas M30BITOK YTIOBOTO MO-
MeEHTa ra3zy MeXKOMIOHEHTHOH 00omouku. [1pu aTom
YaCTULBI ABIKYTCS II0 CHHUPAIBHBIM TPAeKTOPUIM
COTJIACHO TPWHATHIM B THIPOAMHAMHUKE TIOJIOXKE-
HUSIM.

[Iporiecchl MOCTOSTHHOM MOTEPU YACTUIIAMU aAK-
KpPEIMOHHOTO JHCKa YTIIOBOTO MOMEHTa IIOATBEp-
KIAOTCA aHATU30M paclpeleleHns BHYTpPEHHEH

sHepruu cucteMbl. CorinacHo ypaBHeHUIO bepHymm

v? P GM
Z+ L= 2= =const
2 y—-1 p T

[IOJIHAs YJENIbHASI SHEPT U, COCTOSIIAS U3 KHHETHYE-
CKOM YIENbHOM BSHEPruM, NaBICHUA MU YIEIbHOU
SHEPrUH TOJO0XKEHHS B TOJE ABYX 3Be3[, B KaKION
OTJZIEJIBHO B3ATOM TOYKE SIBJIAECTCS ITOCTOSIHHOW BEJIU-
YUHOM, 4YTO MOXHO BUJIETh U3 PUCYHKA 8a. Bo3pacra-
HUE TIOJTHON PHEPTUH XapaKTEpHO ISl YacTHIl, pac-
MOJIOKEHHBIX Ha paccTossHnu mnpumepHo 0,15a ot
LIEHTpPa 3BE3bI-aKKPETOPa, KOTOPHIE, IPUOIMKAsICh K
IPaBUTHPYIOIIEMY LICHTPY, Bce 0oJiee yBETMUUBAIOT
KHHETUYECKYIO COCTABIISIONIYIO SHEPTUH, a 3aTEM TIe-
pEeTEKaroT Ha 3Be3Ay 1, UTO MOATBEPKAAETCSA U pac-
MIpEETICHNEM CKOPOCTEH YacTUI] B aKKpPEIMOHHOM
mucke (pucyHok 80), aHaJIOTUYHBIM PaCIpeeIEHUI0
IIOJIHOM SHEPTHUU.

W3MeHeHue CKOpOCTH 4acTHUl] MPH U3MEHEHHH
paccTosiHuS 10 0enoro Kapiuka IMOKa3aHO Ha pH-
cyake 9. Tam jke TMOKa3aHbl COOTBETCTBYIOIIVE
KEIUICPOBCKUE CKOPOCTH, HalieHHbIe [8], kak

_ |em
o= &2
"
MO>HO BUIETh, YTO CKOPOCTH JBIIKCHHUS BEIIC-
CTBa B AaKKPEIMOHHOM JHCKE C yJaJeHHEM OT
3BE3JIbI-aKKpPEeTOpa Bce OoJiee CHUXKAETCS M0 CpaBHE-

HHUIO ¢ BEIYHUCIICHHOM (KpacHas TMHUSA Ha pUCYHKE 9),
OTKJIOHSSICH OT Ciyd4asl KEIUISPOBCKOTO BpAIICHUS,
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Korja coOoaaeTcsl paBHOBECHUE MEXY rpaBUTAIIU-
OHHBIM TIPUTSDKEHHEM Oeoro KapiuKa W IEHTPO-
OC)KHOW CHIION BpaIIaroIIerocs AUcKa.

\Z le-5
Y 3Heprvm E, Ax 2,0
04 -
0,21 L
0,0 10
-0,2
g 0,5
044 —ToBepxHoCTb HEACTO KapAnKa
T_ﬂoaepxuoc'b  BTOPHUHOR 38€3ab 0,0

04 02 00 02 04 06X

\Z a

y  CkopocTe Beulecrsa 8 4000
aKKPEUMOHHOM Ancke, KM/ 3500
041 e
{3000
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3 1500
— NosepxocTy 1000
044 Ger0ro Kapnima
__ Nosepoiocry 500
BTOPMNHON JDe 10w
04 -02 00 02 04 06 X

0

Pucynok 8 - Pacnipenienenue monHo# 3Hepruu (a) u
CKOPOCTH BelecTBa (0) B aKKPEIIMOHHOM JHCKe

v 3aBMCMMOCTS CKOPOCTK YacTuu v oT
—
SOODvJ paccTosHWA A0 LEHTPa 3Be3Abl-aKkkpeTopa
| >
40001 |
30007 — KENNEPOBCKAA CKOPOCTS
ARS KPYrosoi opouTsl
20004
10001
01 ", R
0.0 0,1 0.2 03 04 0,5

Pucynok 9 - CKopoCTH 9aCTHII B aKKPEITHOHHOM
JTUCKE

Bericokoe naBiieHHE ra3a akKpelMOHHOTO JUCKa
MPUBOIUT K MPOU3BOJACTBY BSI3KOM 3HTpONUU (pUCY-
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Hok 10), Kor/a BpaleHre YacTHUIl T'a3a COMPOBOKAa-
€TCsl TPEHUEM, YTO HapyIIaeT KEIIEPOBCKOE Bpallie-
HUE, IEPEBOUT YaCcTh IPABUTALIMIOHHON SHEPTUH Ya-
CTHII B TEIUIO TaK)KE U M3-3a SIBICHUH TypOyJIEHTHO-
ctu. To ecTh, HAOMIOAAIOTCS [Ba NapaJIeIbHbIX SIB-
JIEHUsT — BBIHOC YIJIOBOTO MOMEHTAa BpaIICHUSA
Hapy»Xy, COIPOBOXJAIOUIUICS yHOpSAOUEHHEM pa-
JIUAJIBHOTO MOTOKA M YIUIOIIEHHEM JIMCKa, a TaKXKe
SIBJICHUS TypOyJICHTHOCTH M COOTBETCTBYIOLIEE IIEPE-
pacrnpe/esieHie rpaBUTAllMOHHON 3HEPTUH. DTH MPO-
LIECCHI MTPUBOAT K pa30rpeBy aKKPELMOHHOIO TUCKa
U €T0 TEIUIOBOMY U3Iy4eHHI0. [loMrMo TpeHus B Ka-
YeCTBE MEXaHNW3Ma YHOCA YIIIOBOIO MOMEHTA U JHEP-
UM U3 JBOMHOM CHCTEMbI O0OCYXIACTCs WU3IYUYCHHE
CHCTEMOI TPaBUTAIIMOHHBIX BOJH [15].

Z
- 1 'q
N Mpon3BOACTBO BA3KOW ¢
Y sutponuwm TdS/dT
| AN 5
0.2} a
0,0} 3
-0,21 e
— MNosepxrocTh 1
0,41 DENOCO KapNUKa
__ NosepxmocTs
BTOPUYNOR 3838 0

04 -02 00 02 04 06 x

a
WN3obpaxenne TdS/dT s npubanxerun =9

—OBEPEHOCTY
= Genoro sapinss

Pucynok 10 - IlepepacnpeneneHue 3HEpruu ya-
CTHIT TIPH BSI3KOM TPEHUH

Kak BunHO 13 pucyHka 11, nmpoexknyn ckopocTu
Uy ¥ V), IMEIOT MaKCHMAaJIbHbIE 3HAYCHHUSI, TTOX0XKHUE
Ha JIorapu(pMHUUECKYIO 3aBUCUMOCTb, C TOCTETICHHBIM
YBEJIMYEHUEM TIpH YMEHBUIEHUM PACCTOSHUSA [0
3BE3/IbI-aKKpeTOpa mpuMepHo 10 0,1Ro u nanbHeH-
LIMM PE3KUM POCTOM NMPOEKIHUU CKOPOCTHU MpH MpH-
OmmKEeHNH K 0eJIoMy KapiuKy, 94TO JAEMOHCTPUpPYET
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yBEJMUCHHUE CUJI TPAaBUTALIMH NIPYU YMEHBILICHUN pac-
crostausa a0 Hero. llpu stom rpaduueckas 3aBucH-
MOCTB OT PAaCCTOSTHUS COCTaBJISIONIECH U, IMEeT Bepe-
TEHOO0Opa3Hyt0 (GopMy, C COMOCTABUMBIMU 3HAUCHHU-
MU MaKCHMaJIBHBIX CKopocTeil B mHTepBase 0,2-
0,3Rp M CHIXKEHHMEM 3HAYEHHMI NPHU YMEHBLICHUH U
YBEJIMUCHUN PAcCTOSHHUA BHE YKa3aHHOTO HHTEp-
Baja.

CocraBnsomas CKOPOCTH VU, 3HAYUTEIHHO
MEHBIIIE COCTABIISIOIIMX Vy U V), YTO TOBOPUT O MpPE-
MMYIIECTBEHHOM [IBIKCHUH YacCTHI] B ITUIOCKOCTH
JIMCKa, MpuYeM Ha paccrosuu menbme 0,1Rn u
oonbie 0,4R o OT NEPBUYHOM 3BE3/1bI COCTABIIAIOMIAS
v, IPaKTUYECKU cXOIUT Ha HeT. [Ipu 3TOM Ha paccro-
stunn MeHbIe 0,1Rc COCTaBIAONINE Vy U V), PE3KO
YBEJIUYNBAIOT MaKCHManbHbIe 3HaueHus ot 1000km/c
1o 4000xm/c Tipu IpUOITMHKEHNH K OeIoMy KapiuKy.
3TO MOXKET XapaKTepHU30BaTh YaCTUIBI HA ATUX pac-
CTOSHHAX, KaK Majamome Ha akkperop. Cremyer
CKazaTh, UTO BCE paccMaTprUBaeMBbIe B JaHHOH padoTe
CBOMCTBa I yacTull, Haxoasaummxcs ommke 0,1Ro
OT TEPBUYHOW 3BE3NbI, PE3KO OTIUYAIOTCA OT
CBOWCTB 4acTHl, Haxoxamuxcs ganbme 0,1Rq. Co-
CTaBJISIOIINE CKOPOCTEH sl YacTHUI, HAXOISAIIUXCS
Ha paccrosanusax 6ombmie 0,4Rn OT akkpeTopa, 3Ha-
YHUTENBHO CHIDKAIOT CBOM 3HAYEHHsI, YTO MOXKET TO-
BOPHTH O IPUHAIIEKHOCTH UX K JIEKPEIPyEeMOi ya-
CTH BeIIECTBA.

I'paduueckast 3aBUCIMOCTb OT PacCTOSHUS IO
3BE3/IbI-AKKPETOPA COCTABIIAIOIIMX CKOPOCTH Uy U )y,
HUMeeT HECKOJIBKO ITOJIOCATHI BUJI, YTO MOYKET CBHU-
JIETEIILCTBOBATH O JAUCKPETHOCTH HEKOTOPHIX 3HAYe-
HUH CKOPOCTEH MM O MEHBIIIEM KOJINYEeCTBE YaCTHIT
Ha HEKOTOPBIX PACCTOSIHUSIX, KOTOPBIE YePEIYIOTCS C
obnactssMu OONBIIETO KOJNUYECTBA YACTHI[ WIIM Ya-
CTHUI] C OOJNBIINM 3HAYEHWEM HEKOTOPBIX MPOSKIIUN
CKOPOCTH Uy U V),. [Tpu GombIol cxoxecTu rpaduku
vy = f(r)uvy, = f(r) Ha OONBIIOM yJAIEHUU OT
IEHTpPa 3Be3/[bI-aKKPETOpa HAYMHAIOT BECTH cebs 10-
pasHoMmy. VHTepecHBIM SIBIISETCS XapaKTep 3aBHCHU-
MocTH U, 1ipu I > 0,325R ), Korjia OTCyTCTBYIOT Ya-
CTHIIBI C HYJIEBBIMH M MaJILIMU CKOPOCTSIMH, TTOPSAKA
100-200 xm/c. Ha aTy obnactb paccToSHUI MPHXO-
JISITCS TOYKH, OTHOCSIIIIUECS] K BO3MOXKHOMY TIOJIOXKe-
HUIO TOpsAYed JIMHHMA YIapHOIO B3aWMOACHCTBUSA
CTPYH BEILECTBA, EPETEKAIOIIETO B aKKPELHMOHHBIH
JUCK. [l 3TUX TOYEK COCTaBJISIONIAs CKOPOCTH IO
ocu OX, momydvaercs, He MOKET NMPUHUMATh 3HaYe-
HUH, Omm3kux K Hymo. CHMMETpHYHOCTH rpaduye-
CKHX 3aBHCHMOCTEH MPOEKIUH CKOPOCTH OTHOCH-
TENBHO JIMHUA HYJEBBIX CKOpOCTEH vy = 0,1, =
0,v, = 0 roBOpUT O TOM, YTO YACTHULBI BPALIAIOTCS
MPaKTUIECKH 110 KPyroBO# opOHTe.
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Pucynox 11 — PaznoxeHue cKopocTH
Ha COCTABJISIONIUE Vy, Vy, Uy
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OO0cyxeHne MoTydYeHHBIX B PE3yIbTaTe MOJe-
JMPOBAHUS TaHHBIX JEMOHCTPHPYET X (QH3HICCKUH
CMBICII U CXOAMMOCTb C HaOJIONATENbHBIMH JaH-
HBIMH, YTO SIBJSIETCSI CBHICTEIHCTBOM YCIIEIIHOTO
npuMeHeHuss SPH Monmenn nans w3ydeHus: Kkara-
KITM3MHUYECKUX MIEPEMEHHBIX Ha dTaIle MO3AHEH 3BO-
monuu. [lonpoOHas reoMeTpus U CTPYKTypa aKkKpe-
IIMOHHOTO JHCKa MOTYT OBITH HCIIOIB30BAHbI LIS
00BSICHEHHS OCOOCHHOCTEH (HOTOMETPUUICCKUX U
CIIEKTPANIbHBIX AaHHBIX [16], a Takxke pacyera siBie-
HUI TEIUIONepeiaddl U MaccoIepeHoca.

3akiIouyeHne

KaraknuzMuueckue nepeMeHHbIE - B3aUMOCH-
CTBYIOIIIME JBOWHBIC C TICPBUYHON 3BE3/I0H OebIM
KapJIMKOM U BTOPUYHOU 3BE€3/10HM INIABHOM IOCIIEIO-
BaTenpHOCTH mo3faHero tuma (K-M) wnm xopudHe-
BbIM KapJIMKOM. 3alOJIHUBIIASL CBOIO NOJOCTh Pomma

BTOpPHYHASI 3B€3/Ia TepsieT BEIIECTBO Yepe3 BHYTPEH-
HIOI0 TouKy Jlarpamxka L1 ¢ oOpa3zoBanmneM akkperu-
OHHOTO JTUCKa BOKPYT OEJoro Kapimka, ciaboe mar-
HUTHOE I10JIC KOTOPOT'O HE MOYKET 3TOMY MPETSATCTBO-
Bath [17]. MozenumpoBaHue mapaMeTpoB aKKPEIHOH-
HOTO JIMCKA TaKUX CHCTEM HMIpaeT OONBIIYIO POJIb B
00BSICHCHHH HAOJFOIaeMbIX KPUBBIX OJeCKa U CIEK-
TPaJbHBIX XapaKTEPUCTUK.

Jns oOocHOBaHHMS HAONFOAATCIBHBIX HJAaHHBIX
KPHUBBIX OJiecKa M CHEKTPOB HM3IYUYCHUS MPHUMEHS-
10TCs pasnuunble moaxonasl: Particle-in-Cell [18], mo-
nens Yuicona—esunnu [19].

BaaropapHocTs

JanHoe uccnemoBanue ¢puHaHcupyeTcs Komu-
TETOM Hayku MHUHHCTEpCTBAa HayKH M BbICLIETO 00-
pazoBanus PecnyOmmkm Kazaxcran, rtpant Ne
AP19678376.
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YOUNG STELLAR OBJECTS IN THE REGION OF DUST BUBBLE N1

The study of young stellar objects is one of the key studies in astrophysics, as these objects provide a
unigue window into the processes that occur during the formation of stars and planets. Young stars are often
found in clouds of gas and dust, which serve as a kind of "cradle" for their birth. Young stars, especially in
massive star clusters, create powerful streams of wind and radiation that knock out dust and gas, creating ring
structures, those as bubbles in molecular clouds. Analysis of such structures can provide additional clues about
the strength of the interactions between stars and their environment at different stages of their evolution.

The main objective of this study was to study the N1 dust bubble region and search for and identify young
stellar objects. Searching for young stellar objects (YSOs) using infrared data from astronomical catalogs is an
important and effective method for studying star formation. Young stars and their surroundings are often
hidden from visible-light observations by dense clouds of gas and dust, but infrared radiation can penetrate
these clouds, allowing astronomers to find objects that would otherwise be invisible.

The identification of young stellar objects in this study was performed according to the algorithm of
Koenig & Leisawitz (2014). The observational data of the WISE spacecraft in the near and mid-infrared bands
W1 (3.4 um), W2 (4.6 um), W3 (12 um) and W4 (22 um) were used. Reliable non-zero fluxes of infrared
radiation sources from the 2MASS and AlIWISE catalogs were selected for the study. For the studied dust
bubble, 7 objects of class | and 11 objects of class Il were identified, 32 objects were assigned to the transition
disk stage. For all identified young stellar objects, color diagrams were constructed showing the locations of
the found objects with the corresponding evolutionary regions. Spectral indexes were calculated and energy
distributions in the spectra were constructed for young stellar objects, which also confirmed their evolutionary
status. The distribution maps of early-stage YSOs within the dust bubble are analyzed, which indicate the
patterns of their distribution along filamentary structures in the dust bubble N1.

Key words: bubble, infrared radiation, wise, young stellar objects (YSO), evolutionary stage.

H.LI. AnnmrasmHoBa
on-Gapabu atbiHaarbl Kasak yATTbIK yHUBEPCUTETI, AIMaThI K., KasakcTaH
e-mail: nazgul.alimgazinova@kaznu.edu.kz

N1 waH, Kenipwiri aMMarbIHAAFbI XKaC XKyNabi3apl 06beKTiNep

ac Kynapi3abl 0ObeKTINepiH 3epTTey acTpoPU3nKaHbIH, Heri3ri 3epTTeynepiHiH, 6ipi 6oabin Tabblaaabl,
OUTKeHI byn 0bbeKTIIep KyNabi3gap MeH naaHeTanapabiH nanaa 6onybiHaa 60naTbiH NpouecTepre biperei
barbIT 6epeai. ac xkynabizgap kebiHece ra3 b6eH LWaHHbIH byATTapbiHAa Ke3aecei, onap nanga 6oay yuiH
"6ecik" peTiHoe KblameT eTeai. Kac Kynabi3gap, acipece YAKEH XKyAabl3[4ap LWOFbIPbIHAA, WaH MeH rasgbl
KafbiN, MoOseKynanblk, OynTTapaa CakuHa Tapi3ai Keniplwik KypblbiIMAAPbIH KacalTbiH KYWTI Ken MeH
coyneneHy afblHAAPbIH Kacanabl. MyHAAM  KypbiibIMAApAbl  Tanday KyA4bi34ap MeH  0napaplH,
9BO/MOUMACHIHBIH, 9PTYPAi KeseraepiHaeri KopluafaH OpTaHblH ©3apa 9peKeTTecy KyLWi Typasabl KOCbIMLA
ManimeTTep Hepe anaapl.

Byn 3epTTeyaiH Herisri makcatbl N1 waH Kenipuiri aiMasblH 3epTTey, »Kac »Ky/bl3 0O0beKTiNepiH Taby
)KOHe aHblKTay 6onabl. ACTPOHOMMUANbBIK KaTanortapAafbl MHOPAKbI3bLA AepeKTep apKblibl XKac Kyaapl3
obbekTinepiH (YSOS) aHbIKTay *KyAAbl34apablH, Nanaa 60aybiH 3epTTeYAIH MaHbI3bl XKaHe TUiIMAI aaici 6obin
Tabbinaabl. Kac Kynapiagap MeH onapablH arHanacobl KebiHece ras OeH LWaHHbIH TbiFbl3 OyATTapbiMeH
KepiHeTiH »apblkTa DaKplnaynapaaH »Kacoblpblnagbl, bipak MHOpPaKbI3blA cayneneHy GynTTap apKblabl eTin,
acTpoHomaapfa backalla KepiHbelTiH 3aTTapapl Tabyfa MyMKiHAIK bepeai.
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Byn 3epTTeyae Kac Kynabisabl obbekTinepai aHbikTay Koenig & leisawitz (2014) anropuTmiHe calikec
wyprisingi. WISE fapbiw annapatbiHbiH, W1 (3,4 mkm), W2 (4,6 MKMm), W3 (12 MKM) KaHe W4 (22 MKM) »KaKbIH
OHEe opTa MHPPAKbI3bIA KoNMaKTapaarbl Dakbliay AepeKkTepi nanganaHbingsl. 3eptrey ywiH 2MASS KaHe
AIIWISE KaTanortapblHaH MHGPaKbI3blA Ke34epAiH HOAIK emMec CeHimAi afbiHAapbl TaHaanapl. 3epTTeneTiH
LaH KenipLwuiri yLWiH | KnaccTafbl 7 06beKT KaHe |l KnaccTarbl 11 00BbEKT aHbIKTanabl, 32 06beKT eTneni Auckinep
CaTbICbIHA »KATKbI3blAAbl. Bap/blk aHbIKTanfaH Kac »KyA4bl3 00beKTinepi yWiH CaMKec 3BOMOLMAIBIK,
aimakTapbl 6ap TabbinFaH 0ObEKTINEPAiH OPHANACYbIH KBPCETETIH TYC AMarpammanapbl casibiHFaH. CNekTpik
WMHAEKCTep ecenTenin, onapablH, 3BOMOUMANBIK MapTebeciH pacTaiTbiH »Kac XKyA4bI34blK 00beKTiNep yuiH
cnekTpaepaeri aHepruaHbiH, Tapanybl Kypbiagsl. N1 waH, KenipluiriHaeri xin Topi3ai KypblabiMaap 6onbiMeH
Tapany 3aHAbIbIKTapPblH KepCeTeTiH LWaH, Kenipuwiri weriHaeri 3BOMOUMAHBIH, epTe KeseHAepiHaeri ac
KYNAbI3Abl 0OBEKTINEPIHIH Tapany KapTanapbl TanaaHapl.

TyliH ce3pep: Keniplwik, MHOPaAKbI3bI CayNeNeHy, Wise, Kac XKyadpi3abl 06beKTiNep, 3BONOLUMANbIK
Ke3eH.

H.LlU. AanmrasmHoBa
Kasaxckni HauMoHaabHbIM YyHUBEPCUTET UM. anb-Papabu, r. AamaTsl, KazaxctaH
e-mail: nazgul.alimgazinova@kaznu.edu.kz

Monopaple 38e3Hble 06BEKTbI B pErMoHe Mbliesoro ny3bipa N1

NccnepoBaHne MONOAbIX 3BE3AHbIX OOBEKTOB ABAAETCA OAHOM M3 K/OYEBbIX MWCCAeA0BaHMUIM
aCTPOPU3MKN, TaK KaK 3TU OOBEKTbI NMPeAoCTaBAAOT YHMKAZbHOE OKHO B MPOLLECChbl, NMPoUCXoAsLimMe npu
bopmmpoBaHmM 3BE34, 1M NAaHeT. Mosiople 3Be3/bl YaCTo HaxoaATCA B 06/1aKax rasa U Nblaun, KOTOPbIe CAy»KaT
Kak cBoeobpasHblie "Konblbenn" ans ux poxkaeHua. Mosoable 3Be34bl, 0COOEHHO B MaCCUBHbIX 3BE3HbIX
CKOMMEHMAX, CO34at0T MOLLUHbIE MOTOKW BeTpa M M3aydyeHue, KOTopble BbIOMBAOT Mblb W ras, co3gasan
KO/IbUEBbIE CTPYKTYPbl -My3blpM B MOMEKYAAPHbIX o06naKkax. AHanM3 TakMx CTPYKTYP MOXeT AaTb
A0NONHUTEbHbIE MOACKA3KM O CU/le B3aMMOAENCTBMA 3BE3/, M OKPYXKAKOLWLEN Cpebl Ha Pa3HbIX CTaguax mx
3BO/OLMN.

OCHOBHOW Le/blo AAHHOFO MCCAenoBaHWA ObIIO M3ydyeHMe obnacTu nblnesoro nysbipa N1, nouck m
NAeHTUOUKAUMA MONOAbIX 3BE3AHbIX 0ObEKTOB. NOUCK MOAOAbIX 3BE3AHbIX 00beKkToB (YSOs) ¢ nomoLlbto
MHPPaKPACHbIX AAaHHbIX M3 aCTPOHOMMYECKUX KaTaNlOroB — 3TO BaXKHbIM U 3ddEKTUBHbIN METOA UCCAEA0BAHMA
3B8e3710006pa3oBaHMA. Monoapble 3Be3/bl M MX OKPECTHOCTM YaCTO CKPbITbl OT HABNOAEHMIA B BUANMOM CBETE
NAOTHbIMKW 06N1aKaMM rasa U Nblau, HO U3yYeHne B MHOPAKPACHOM AMana3oHe MOXKET NPOHMKATb Yepes 3Tn
obnaka, N03B0/AA aCTPOHOMAM HaxOAMTb 0ObEKTLI, KOTOPble MHAYe Bbln Obl HE3AMETHbI.

NaeHTUdMKaumMa monoapix 3Be3AHbIX OOBLEKTOB B JaHHOM MCCAeA0BaHMWM MPOBEAEHa COrMMacHo
anroputmy Koenig & Leisawitz (2014). Bbinn MCNonb30BaHbl AaHHbIe HAabAOAEHNI KOCMUYECKOro annapara
WISE B nonocax 6amnkHero n cpeaHero nHdpakpacHoro ananasoHa W1 (3,4 mkm), W2 (4,6 mkm), W3 (12 mKm)
n W4 (22 mMKkm). [na wuccnenoBaHus 6biam oTOOpaHbl HaAeXKHble HEHyNeBble MOTOKM WCTOYHMKOB
MHPPaAKpPacHOro u3nydyeHns K3 Katanoros 2MASS u AIIWISE. [na wccnegyemoro nblAeBOro ny3bipa
naeHTMdMUMpoBaHbl 7 0b6bekToB | Knacca u 11 obbektoB Il Knacca, 32 obbeKkTa OTHeECEHbI K CTaauu
nepexoaHbix AMCKoB. [na Bcex MAeHTUOULMPOBAHHbIX MOMOAbIX 3BE3AHbIX 0OBEKTOB NOCTPOEHbI LIBETOBbIE
AMarpammbl, NOKa3blBatOLWME PACNONOKEHNA HANAEHHbIX OOBEKTOB C COOTBETCTBYHOWMMM MM 0BAACTAMM
3BOMOLUMN. PaccumTaHbl cnekTpasibHble WMHAEKCbl WM MOCTPOEHbl pacnpefeneHua 3Heprui B cnekTpax ana
MO0AbIX 3BE3AHbIX 0OBEKTOB, KOTOPbLIE TAKKe NOATBEPANAN UX IBONIOLIMOHHbIN CcTaTyc. [TpoaHann3nposaHbl
KapTbl pacnpeneneHmsa mMonoaplXx 3BE3AHbIX O0OBEKTOB pPaHHMX CTaAaui 3BOAOUMKM B Npeaenax nblnesoro
Ny3blpsA, KOTOpble YKa3blBAalOT Ha 3aKOHOMEPHOCTM WX pacnpeaeneHus BAONAb HUTEBUAHbLIX CTPYKTYP B
nblnesom nysbvipe N1.

KnioueBble cnoBa: nysbipb, MHOpaKpacHoe M3aydeHue, wise, moaodple 3BesdHble 06bekTbl (M30),
3BOJ/IIOLIMOHHAA cTaams.
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Young stellar objects in the region of dust bubble N1

Introduction

In recent years studies of dust bubble regions and
associated star-forming regions have attracted
considerable attention [1-5], and studying their
morphology and evolution may shed light on the
conditions that facilitate the formation of stars and
planets in interstellar space. Bubbles have a
characteristic morphology that indicates the presence
of initiated or stimulated star formation processes.
Star formation may be triggered by the expansion of
a bubble when its shock front compresses and
initiates the gravitational collapse of a pre-existing
molecular cloud core. This mechanism, based on
initiated star formation, is currently in its early stages
of study, making it particularly relevant for
researchers studying star formation processes.

Young stellar objects are stars in the early stages
of their evolution. They are also called protostars, as
they continue to gain mass from the surrounding giant
molecular clouds and have not yet reached the stage
of a full-fledged stellar state, since thermonuclear
fusion in their cores has not yet been launched.
Studying such objects is quite difficult even within
our Galaxy. The main problem is that the dense dust
clouds surrounding them during the formation stage
block visible light, making observations almost
impossible. In addition, when these objects heat up,
they begin to emit energy mainly in the infrared
range. For this reason, infrared observations are
considered a key method used by astronomers to
identify regions where stars are forming.

Methods

Data

In this study, large-scale surveys in the infrared
wavelength range were used: 2MASS and WISE
(Wide-Field Infrared Survey Explorer). Observations
of the sky in the near-infrared range of J (1.25 um), H
(1.65 um) and Ks (2.17 um), obtained by 2MASS, are
presented in the catalog of point sources 2MASS All-
Sky Catalog of Point Sources (2003) [6]. WISE
observations are presented in the AIIWISE catalog
[7], which contains radiation fluxes in the near and
mid-infrared range at wavelengths W1 (3.4 pm), W2
(4.6 pm), W3 (12 um) and W4 (22 pum).

For this study, data from the catalogs were
selected that have reliable non-zero fluxes: the flux
error was taken less than 0.2 mag; the signal-to-noise
ratio - wsnr Was greater than 3.

Dust bubble N1

N1 is one of the small galactic infrared bubbles
catalogued by Churchwell [8]. N1 is a dust bubble
centered at | =10,231°, b=-0,305°, with a size of 0.98
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arcmin and a mean projected thickness of 0.21
arcmin. N1 has a C type of morphology, meaning that
the bubble is a complete and closed ring (Figure 1).
In [9], the bubble was associated with the HII region
G10.16—0.35 and a massive OB2-type capture star.
The first measurement of the bubble velocity was in
the ionized hydrogen region and not directly to N1.
Therefore, the distance of 3.4 kpc corresponds to the
distance from the capture cluster G10.16—0.35 [9].
Then in [10] the kinematic distance to the bubble was
calculated as a distance (may be up to 14.8 kpc),
based on the velocity of ionized gas, measured mainly
using radio recombination lines, and assuming
circular rotation around the center of the Galaxy. And
in [11] the kinematic distance for the bubble was
taken to be 2 kpc, its size was also specified as 1
arcmin.

Figure 1 - N1 image at near and mid infrared
wavelengths

Search and identification of young stellar
objects

To identify candidates for young stellar objects,
data from the AIIWISE catalog, presented in the
SIMBAD Astronomical Database (CDS, Strasbourg),
were used. Key information about the study region
and the sources detected within the specified search
radius is presented in Table 1.
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Table 1- Parameters for object search

Region R.A. Decl. Search radius | Number of objects
& Range (deg) Range (deg) (arcmin) found
N1 272.255<0<272.430 | -20.153<6<-20.315 5 444

In this study, an algorithm based on the
methodology described in [12, 13] was used to
identify young stellar objects. According to the stages
of their evolution, young stellar objects are classified
into several groups: class 0 (protostars), classes | and

Il, transition disks, and class Ill. Identification of
young stellar objects was carried out in the specified
sequence.

To identify young stellar objects, it is first
necessary to eliminate contaminants, i.e. objects that
cannot be young stellar objects. These are active
galactic nuclei (AGN), stationary stars, as well as
sources associated with the emission of polycyclic
aromatic hydrocarbons (PAH) and the emission of
particles at the leading edge of shock waves [12].
After cleaning the data, in accordance with the criteria
outlined in [13], the remaining objects were identified
for belonging to a certain class of YSO evolution.

To identify true candidates for YSOs, the
identification was carried out in several stages using
different approaches.

Initially, the algorithm described in the work of
Koenig & Leisawitz (2014) [13] was applied.
According to the study, at this stage, no objects of
evolution class O were detected in the region of the
N1 dust bubble of the protostar. A total of 152 objects
were identified as candidates for young stellar
objects.

At the next stage, a search for information in
astronomical databases was performed for all
previously identified candidates for young stellar
objects. As a result of the search, out of 14 candidates
for young stellar objects of class I, it was found that
there is information in astronomical catalogs for 8
objects and for some of them, various object types
and evolutionary statuses were already indicated. For
5 objects, the status of young stellar objects was
confirmed, which was assigned on the basis of the
analysis of Spitzer data [14-17], 2 objects are sources
of infrared and submillimeter radiation [18, 19] and 1
object is a Wolf-Rayet star, which is a star of a later
evolutionary class [20]. Out of 25 candidates for
young stellar objects of class Il, information was
found for 3 objects: 1 object is a candidate for young
stellar objects [14], 2 objects are sources of IR and
submillimeter radiation [18, 19]. Of the 74 objects
that are candidates for class Il YSOs, 1 object has

been assigned the status of a star [21] and 1 object is
asource of IR radiation [22]. A search for information
on 39 objects — candidates for class “transition disk”
YSOs showed that 1 object is a candidate for YSOs
[14] and 1 object is a source of submillimeter
radiation [23].

For further study, known objects (except radio
and infrared sources) were excluded. Thus, 143
objects remained as candidates for young stellar
objects, of which 8 objects are of class I, 24 objects
are of class Il, 73 objects are of class Il and 38
objects that can be classified as transitional disks.

Next, for all found YSOs, color indices were
determined and a corresponding color diagram was
constructed (Figure 2). Red circles indicate
candidates for YSOs of class I, green squares indicate
class Il, blue triangles indicate "transitional disks"
and black stars indicate candidates for YSOs of class
I11. Since the existing methods for dividing YSOs into
evolution classes on color diagrams are still at the
stage of improvement, for the analysis of the location
of the found YSOs we selected the known and applied
for WISE flows criteria for dividing regions [24],
which are shown in Figure 2 by dotted lines. The
diagram also indicates the regions corresponding to
the class of objects.

As can be seen from Figure 2, all candidates for
class 1 YSOs and most candidates for class Il YSOs
are located in the corresponding area of the diagram.
However, 4 objects of the class Il YSO candidate are
located in other areas of the diagram. The majority of
candidates for the "transition disk" class are located
to the left of the area indicated for them. They
practically fill the area in which, as suggested in [24],
AGN sources should be located. The location of the
evolutionary stage of transition disks [25] is currently
unknown reliably, therefore, assuming that this is an
intermediate stage between classes Il and Ill, the
location of this object close to the group of class Il
YSOs is quite explainable. Class Ill objects are
practically formed young stars, therefore their
location on the diagram corresponds to their evolution
class. The candidates for class 111 YSOs are located in
the immediate vicinity of the candidates for
"transitional disks" on the diagram, which may
indicate their direct connection in the evolutionary
development of objects.
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Figure 2 — Color-color diagram for the YSO in the region of dust bubble N1

As we can see, for most candidates for YSOs,
their location on the diagram indicates the correct
identification of their evolutionary stages. However,
this is not enough to identify true YSOs, so additional
studies have been conducted.

The next step in the study was to apply a typical
classification of the YSO, which is calculated based
on the slope of the DES, i.e. the spectral index is
determined

_dIog(iFi)
~ dlog(4)

Typically, the incline of the DES is measured
between ~2 and 20 um, the use of mid-IR DES fluxes
allows measuring the IR emission of the disk and the
inner shell of the YSO, so this IR range is used in this
study. For different classes of YSOs, the spectral
index has different ranges. This is due to the fact that
as YSOs age, their circumstellar environment
changes, and this change is reflected in the shape of
their DES in the form of the presence of infrared
excesses caused by their optically thick disks. In the
standard system originally developed in [26], young
stellar objects: of class | have DES inclinations
0>0,3; of class Il have -1,6< a<-0.3; of class Il have
a<-1.6; sources with a “flat spectrum” have -0.3<
a<0.3. Class I YSOs have ascending or flat spectra in
the range from 3 to 22 um and are considered to be an
early stage associated with the presence of a
significant, infalling circumstellar envelope. Class Il
Y SOs have decreasing DES in this wavelength range,
with the emission coming only from the optically
thick circumstellar disk [26-28]. Class 111 YSOs are
characterized by very small infrared excesses and are
often indistinguishable from young main-sequence
stars based on infrared observations alone. In addition
to Class I-111 YSOs, there are also YSOs with little or
no near-IR excess in the 1-10 um range and large
excesses above 1020 um [29]. These objects, known
as “transition disk” sources, are thought to be YSOs
with a cleared inner disk and a truncated, optically
thick outer disk. The age of transition disks is
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unknown, as various possible origin scenarios are
considered. One of the most likely scenarios is that
transition disks are an intermediate stage between
class 2 and class 3.

We used a technique to determine the spectral
index that includes data from all four WISE bands.
Measuring the inclination using only four WISE
bands can mitigate absorption effects due to the
nearly identical absorption coefficients across the

entire WISE wavelength range, i.e. Ay, ~0.5A

[30]. For all previously identified YSOs for which
values are available in all four WISE bands, we used
the equation to find the spectral index according to
[31]:

a, =0.36(W1-W2)+0.58(W2-W3)+

+0.41(W3—-W 4)—2.90.

This is a weighted average of the slopes obtained
between successive pairs of WISE bands, presented
in magnitudes. The numerical coefficients are a
combination of the magnitude-flux density
conversion coefficients at the corresponding
wavelengths and weighting coefficients.

The conducted study of the spectral index
showed that for most candidates in the YSO, the
spectral index values correspond to the previously
determined evolution class. Thus, for candidates in
the YSO of class I, only 1 object is assigned to class
I1, out of 24 objects of class 11, 13 IR radiation sources
have flat and characteristic class | spectra. Since the
evolutionary stage of "transitional disks" is
considered an intermediate stage between classes 2
and 3, then for most candidates in the YSO this is
confirmed by the values of the spectral indices, only
6 objects have flat and characteristic class | spectra.
The results of the study on candidates for YSO s of
classes I and |1, as well as the transition disk class, are
presented in Table 2. The results for class Il are not
presented, since these are already practically formed
young stars, while the main emphasis in the study is
on identifying YSO s of earlier evolutionary classes.
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Table 2 — YSO candidates

N RA(.JZ(.)OO) DE(.JZ(.)OO) AIIWISE 1D w1, W2, W3, W4, o
h:m:s d:m:s mag mag mag mag
I Class
1. 18 09 25.1 -20 14 14.7 J180925.06-201414.7 10.851 | 9.495 5.120 0.316 2.10
2. 18 09 15.6 -20 16 03.7 J180915.59-201603.6 10.547 | 9.364 5.614 1.201 1.51
3. 1809 28.4 -2016 43.4 J180928.39-201643.3 12.335 | 9.779 5411 | -1.016 3.19
4, 18 09 31.3 -20 16 24.0 J180931.27-201624.0 9.889 8.365 4,575 1.433 1.14
5. 180921.9 -20 10 05.5 J180921.90-201005.4 12,915 | 10.651 | 6.382 0.875 2.65
6. 1809 39.4 -20 12 39.2 J180939.43-201239.1 12.416 | 11.257 | 8.195 5.795 0.28
7. 18 09 33.6 -20 18 07.9 J180933.55-201807.8 9.488 7.163 4539 | -2.406 2.31
II Class
8. 18 09 20.7 -201547.0 J180920.70-201546.9 11.166 | 10.532 | 8.048 7.453 -0.99
9. 18 09 30.1 -20 14 00.7 J180930.12-201400.6 11.504 | 10.786 | 8.105 7.723 -0.93
10. 1809315 -20 13 56.2 J180931.51-201356.2 10.587 | 9.722 9.153 6.478 -1.16
11. 1809 16.8 -20 15 59.3 J180916.81-201559.3 8.406 7.249 5.244 2.893 -0.36
12. 18 09 16.0 -2011 435 J180916.02-201143.5 10.448 | 9.902 8.787 6.697 -1.20
13. 180934.4 -20 12 40.9 J180934.42-201240.9 11.052 | 10.795 | 8.698 5.587 -0.32
14, 18 09 09.1 -20 14 40.8 J180909.13-201440.8 11.273 | 10.767 | 8.418 6.476 -0.56
15. 18 09 16.2 -20 10 36.0 J180916.18-201035.9 10.174 | 9.868 8.041 5.143 -0.54
16. 18 09 25.7 -20 09 26.8 J180925.69-200926.7 9.949 9.609 7.201 7.123 -1.35
17. 18 09 24.3 -2009 12.8 J180924.30-200912.8 10.309 | 9.994 8.427 5.875 -0.83
18. 18 09 43.1 -20 15 29.5 J180943.07-201529.4 10.627 | 10.271 | 9.003 6.197 -0.89
Transitional disks
19. 18 09 15.0 -20 14 02.6 J180915.02-201402.5 10.162 | 9.994 9.980 6.484 -1.40
20. 18 09 24.8 -2011 44.9 J180924.81-201144.8 9.092 8.774 | 10.044 | 7.108 -2.32
21. 1809 19.5 -201147.0 J180919.50-201146.9 10.262 | 10.053 | 8.634 6.220 -1.01
22. 1809 31.9 -2012 55.1 J180931.88-201255.0 9.801 9.549 8.631 4,928 -0.76
23. 1809 17.5 -201157.6 J180917.46-201157.5 10.417 9.986 9.223 6.175 -1.05
24, 18 09 13.7 -20 12 36.6 J180913.66-201236.6 10.078 | 9.840 7.855 4,575 -0.32
25. 180932.4 -201212.9 J180932.43-201212.8 10.015 | 9.615 8.967 5.342 -0.90
26. 1809 21.6 -20 10 56.3 J180921.64-201056.3 9.917 9.349 9.684 4.520 -0.77
217. 18 09 33.3 -20 12 03.6 J180933.33-201203.6 9.856 9.258 8.892 5.456 -1.06
28. 18 09 29.9 -20 11 06.0 J180929.88-201106.0 8.497 7.892 8.034 3.378 -0.86
29. 18 09 08.1 -20 13 08.7 J180908.12-201308.6 9.210 8.928 9.230 5.270 -1.35
30. 18 09 08.8 -201553.9 J180908.78-201553.8 10.013 | 9.750 | 10.582 | 3.791 -0.50
31. 18 09 10.7 -20 11 29.9 J180910.72-201129.9 10.073 | 9.804 9.388 5.926 -1.14
32. 18 09 32.6 -201104.8 J180932.57-201104.7 7.920 7.377 7.890 4.142 -1.47
33. 18 09 39.5 -20 14 35.8 J180939.49-201435.8 10.647 | 10.247 | 9.323 6.043 -0.88
34, 18 09 08.9 -20 11 43.0 J180908.91-201143.0 7.260 6.717 5.819 3.442 -1.21
35. 18 09 10.0 -201121.7 J180910.08-201121.7 10.984 | 10.734 | 9.900 6.142 -0.79
36. 18 09 06.3 -2012 43.4 J180906.34-201243.4 9.003 8.645 8.858 5.577 -1.55
37. 18 09 40.0 -201354.9 J180940.08-201354.8 10.567 | 10.221 | 9.490 5.702 -0.80
38. 18 09 39.3 -201529.0 J180939.30-201529.0 9.167 8.557 9.748 6.917 -2.21
39. 18 09 06.2 -20 15 55.6 J180906.23-201555.5 9.980 9.696 | 10.375 | 5.271 -1.10
40. 18 09 36.3 -201105.2 J180936.32-201105.2 8.657 8.320 7.394 5.098 -1.30
41, 18 09 07.0 -201127.2 J180907.04-201127.2 8.992 8.770 6.757 3.935 -0.50
42, 1809 33.1 -2010 20.3 J180933.11-201020.3 10.265 | 9.977 | 10.941 | 8.304 -2.27
43, 18 09 39.2 -201148.2 J180939.23-201148.2 9.748 9.241 9.510 6.425 -1.61
44, 18 09 38.4 -201124.7 J180938.37-201124.6 10.439 | 10.231 | 8.490 6.454 -0.98
45, 18 09 27.9 -2009 42.7 J180927.85-200942.6 11.175 | 10.943 | 9.840 7.780 -1.33
46. 180942.4 -2014 42.7 J180942.43-201442.6 8.888 8.536 8.530 5.157 -1.39
47, 18 09 02.5 -201504.2 J180902.53-201504.2 10.134 | 9.922 9.085 4,128 -0.31
48, 18 09 40.5 -2011 48.3 J180940.48-201148.3 10.749 | 10.105 | 9.824 6.668 -1.21
49, 18 09 10.7 -2010 13.0 J180910.66-201012.9 8.774 8.616 9.718 6.936 -2.34
50. 18 09 43.0 -201310.4 J180943.01-201310.4 9.343 9.103 8.842 5.660 -1.36
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Young stellar objects in the region of dust bubble N1

Also, to confirm the evolutionary status for
objects observed by Spitzer and having reliable
information on fluxes in the astronomical catalogs
GLIMPSE Source Catalog (I + 11 + 3D) (IPAC 2008)
[32] and MIPSGAL 24um point source catalog
(Gutermuth+, 2015) [33], energy distributions in the
spectra were constructed with suitable models
according to the work [34] (Figure 3). As can be seen
from the figure, the YSOs have an IR excess in the
spectrum, which corresponds to the evolutionary
status of these objects that we previously determined.
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Figure 3 — SED for candidates for YSO | (a)
and Il (b) classes: dots — observational data,
lines — theoretical models (black line — the most
suitable model)

Thus, excluding all objects whose evolution
classes do not match according to two features, we
assume that the remaining ones are the most likely
candidates for YSOs.

Figure 4 shows a map of the distribution of the
found and identified candidates for young stellar
objects of classes I and II. The black cross is the
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coordinates of the center of the dust bubble, according
to the Churchwell catalog [8]. Here we observe that
the distribution of candidates for YSOs of early
spectral classes is subject to a certain pattern, which
allows us to identify the filamentary structures along
which they are located, which indicates one of the
possible signs of initiated star formation.

RA, deg

Figure 4 — Distribution of the YSO in space on the
Spitzer image. Designations: “+” — coordinates of
the bubble center, “ red circles” — class I, “ green

squares” — class Il

Conclusion

In this study the region near the N1 dust bubble
was studied. Based on the use of infrared radiation
fluxes in the near and middle wavelength ranges, the
search and identification of YSOs depending on the
stages of evolution was performed. The study was
carried out in several stages, which included testing
the data by criteria and by the spectral index,
constructing a color-color diagram and a map of the
distribution of identified objects in space, searching
for information in astronomical catalogs and
constructing a DES. As a result of the study, 50
objects are presented as candidates for YSOs: 7
objects of class I, 11 objects of class Il and 32 objects
of the "transition disk" class. We assume that these
objects are young stellar objects.
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MCCHEAOBaHVIe npouecca ropeHna noaxurarowero MCKpoBoro paspaaa MMnyabCHOrro naasmeH-
HOro AsuratenA

B aTom uccnenosaHumM HbiAM NPOBEAEHDBI HEKOTOPbIE IKCMEPUMEHTbI B LLEAAX ONTMMM3ALMM NpoLecca
NOAXKMUIa 1 ero BAMAHMUA Ha GOPMUPOBAHME U PA3BMUTUE OCHOBHOrO MAa3MEHHOro NOTOKA. Mckpa nogsKura
BO3HMKAET NPW CONPUKOCHOBEHMM FPAadUTOBOrO CTEPIKHA C 3a3eM/IEHHbIM 31eKTpoAoM. C ApYroi CTOPOHbI,
rpadmTOBbIN 3NEKTPOA, MCMONL3YETCA B KAYeCTBE TOMNAMBA B UMMY/IbCHOM Naa3mMeHHOM Asuratene. AuHaMmKa
bopMMpPOBaHMA MMMYAbCHOrO pa3paga 3adpUKCMPOBAHA C WMCMNOSb30BAHMEM BbICOKOCKOPOCTHOM Kamepbl
CMOS Phantom VEQ710S, 4To N03BOANAO 3aPErnMcTPMPOBaTh KAOUYEBbIE CTaZMM BOSHUKHOBEHMA N YCKOPEHUS
nnasmbl. MapannenbHo BblN NOYYEH SMUCCUOHHbIN CNEKTP paspaaa C MOMOLLBIO IMHEMHOTO CNeKTpoMeTpa
Optosky, 4To NO3BO/IMNO NPOBECTM KA4ECTBEHHbBIN aHaIM3 COCTaBa 0bpasytoLeica Naasmbl M onpeaeanTs oc-
HOBHble MOHOBO3EMNCTBYIOLLME KOMMOHEHTbI, OTBETCTBEHHbIE 3@ CO34aHMe TArM. TakKe C MCNO/b30BaHNEM
nosca Porosckoro 661710 OCyLLLECTBIEHO M3MEPEHME U3MEHEHMA CU/Tbl TOKA KaK B UCKPOBOM, Tak M B OCHOBHOM
paspAgax BO BPEMEHM, YTO MO3BOJIN0 NOAYYUTH BaXKHYH MHOOPMALIMIO O AMHAMMKE SNEKTPUYECKMX NpoLLec-
coB. Ha ocHOBe Moay4YeHHbIX 3KCNepPUMEHTabHBIX AaHHbIX Obln BbIOpaH ONTUMabHbLIM Habop NapameTpos
NOLXKMUra, B TOM HYUCAEe TeOMETPUA 31EKTPOA0B, HanpaxeHWe Npoboa, AANTEeNbHOCTb MMMYbCa, NO3BOAKO-
WM obecneynTb ycToM4mMBoe GopMMpPOBaHME MNAa3MeEHHOTO KaHana 1 3dbEKTUBHYIO reHepaLmto TAru.

KntoueBble cnoBa: MMMYAbCHbIN NAa3MeHHbIN ABUraTenb, Pa3pAaHbIA TOK, MCKPOBOM pa3pAs, IMUCCUOH-
HbI CNEeKTP naasmbl.

H.B. Urnbaes*, M.K. [locbonaes
on-Gapabu at.Kazak yntrbik yHuBepcuteTi, ITOF3U, Anmatsl K., KasakcTaH
*e-mail: igizhan09@gmail.com

MMNyNbCTiK NNa3ManblK, KO3FaNTKbILITbIH, TYTaHaTbIH YLIKbIHABI
paspAAbIHbIH, }aHy NPOLLECiH 3epTTey

By yCbIHbIAFAH 3epTTeyAe TyTaHy NPOLECiH OHTaMNaHAbIPY KOHE OHbIH, HEri3ri Naa3masblK afblHHbIH,
Ka/biNTacybl MeH JamyblHa 9CepiH 3epTTey MakcaTbiHAa OipHelle 3KCNepuMeHTTep Kyprisingi. TyTaHy
YLWKBIHbI TPAQUT CTEPKEHbHIH epre KOCbIIFaH 3N1EeKTPOAMNEH KaHacybl KesiHae nanaa 6onaapl. An rpadut
SNEeKTPOA UMNYAbCTI NNa3MalblK KO3FaNTKpILWITa OTbIH peTiHAe NaAananbliagsl. MMnyabCTi pa3paaTbIiH Kabl-
nTacy aumHammkacbl CMOS Phantom VEQO710S »ofapbl *blNAaMabIKTbl KAMepPacbiHbIH, KeMerimeH Tipkenin,
NNa3MaHblH Nanaa 6oy KaHe yaey Ke3eHAepiH aHbIKTayFa MyMKIHAIK bepai. Pa3paaTbiH, 3SMUCCUANBIK CNEKTPI
Optosky CbI3bIKTbIK, CNEKTPOMETPIHIH, KOMEriMeH anblHFaH, By NnasmaHblH KYpamblH TanzayFa KaHe TapTy
KYLLiHiH Ke3iH aHbIKTayfa MyMKiHAIK 6epeai. CoHaal-aK, POroBCKMIA KaTyLLKACbIHbIH KOMEriMeH YLKbIHHbIH, A3,
Heri3ri pa3paaTapabiH, 13 YakblT 6OMbIHLLA TOK KYLLIHIH ©3repyiHe enweynep xyprizingi, 6yn anekTpik npoue-
CTepajiH AMHaMMUKAChl Typaibl MaHbI3abl aKNapaTTbl anyfa MyMKIHAIK 6epai.ANbIHFaH 3KCNEPUMEHTTIK fepekK-
TepAaiH Heri3iHae nNnasmanblK apHaHbIH, TYPAKTbl TY3iAYiH XaHe TUIMAI TapTbiAbIC KYLWiH KamMmTamachbl3 eTeTiH
3N1EKTPOL TeEOMETPUACHI, TECIN BTy KEPHEYI KaHE MMMYAbC Y3aKTblfbl CUAKTbI TYTaHAbIPYAbIH, OHTalAbl Napa-
meTpaepi TaHaanabl.

TyliH cesgep: MMNYAbCTi NAA3ManblK KO3FaNTKbIW, Pa3pAATbIK TOK, YWHKbIHABIK pPa3pad, Naa3maHbIH,
3IMUCCUANDBIK CNEKTPI.
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Study of the combustion process of the igniting spark discharge of a pulse plasma engine

In this study, several experiments were conducted to optimize the ignition process and investigate its
impact on the formation and development of the primary plasma flow. The ignition spark is generated when
the graphite rod comes into contact with the grounded electrode. On the other hand, the graphite electrode
is used as fuel in the pulsed plasma thruster (PPT). The dynamics of the pulsed discharge formation were
recorded using the CMOS Phantom VEO710S high-speed camera, enabling the identification of key stages in
plasma generation and acceleration. The emission spectrum of the discharge was obtained using the Optosky
linear spectrometer, allowing for an analysis of the plasma composition and the determination of the thrust
source. Changes in the current strength of the spark and main discharges over time were measured using a
Rogowski coil. Based on the experimental data obtained, an optimal set of ignition parameters was selected,
including electrode geometry, breakdown voltage, and pulse duration, which ensures stable formation of the

plasma channel and efficient thrust generation.

Keywords: pulsed plasma thruster, discharge current, spark discharge, plasma emission spectrum.

Beenenue

NmnynecHble mnazmeHHsle asuratenu (MITI)
SBIISIIOTCS TIEPCIEKTHBHBIMU 3JICKTPOPEAKTUBHBIMHU
JBHUTATENSIMUA JUTS MCIIONB30BAHUS B KOCMHYECKUX
muccusix [1,2]. Cpennt OCHOBHBIX IIPEUMYIIIECTB JIaH-
HBIX JIBUTATENbHBIX CHCTEM MOYKHO BBIICIHUTH IPO-
CTOTY W JIETKOCTh KOHCTPYKIIMH, @ TaK)Ke KOMITaKT-
HOCTb TOIUTMBHOM CHCTEMBI, Y4TO 32 CUET IPUMEHEHHS
TBEP/BIX TOIUTMBHBIX MATEPHAJIOB, TAKUX KaK TOJIH-
tetpadTopaTrner (I[ITDI), nonuanerans, rpadut u
apyrue [2,8,12]. Dto, B cBOK ouepe/ib, MOBBIIIACT
Hagexnocte WMIIJ. Kpome Ttoro, UIIJ cnocoben
OTpaHNYUBATh MAJYI0 U MPEIU3UOHHYIO TATY C 3a-
JTaHHBIMHA MHTEPBaJaMHU MMITYJIbCOB, YTO MO3BOJISET
JIOCTUYh BBICOKOH TOYHOCTH TMOJIHOTO HMITYJIbCa
[3,10]. BaxxHbIM IpEeHMYIIECTBOM JaHHOW TEXHOJIO-
THU SIBIISIETCS HU3KOE DHEPronoTpedsieHHe, 4To Jie-
JaeT ee 0COOCHHO BBITOHOW Ul HEOONBIINX CITYT-
HUKOB. B camoM 0a30BOM ompeneneHun deKTpruye-
CKasl Tsra MCIIONb3yeT DIEKTPUIECKYIO SHEPTHIO JUIS
NPUIAHUS SHEPTHU TOIUTUBY. DTO MOXKET OBITH Clie-
JIAHO IMyTEM 3JIEKTPHUYECKOr0 HarpeBa TOILUIMBA, HO
6osiee 3(h(PEeKTUBHBIM MMOAXOIOM SIBISIETCS MOHU3A-
U TOIUIMBA, a 3aTeM NpHUIAHHE KUHETHYECKOU
sHepruu obpasyrormieiics miasme [4,18]. Yckopenue
OCHOBHOW MAacChl IUIa3Mbl 10 HANpaBlIEHHIO K BbI-
XOJ1y U3 MOJPYJIUBAIOIIETO YCTPOWCTBA MOXKET OBITH
MpeacKa3aHo ¢ IOMOLIBIO BTOPOro 3akoHa HeroToHa
u cuiibl JlopeHna:

d dmgg dv
hadl e + —_ =
t(m06v) == VTMos 5, fV J X BdV,

_ dm06 - 06 - _
1€ V - CKOPOCTH IIJIa3MBblI, dt 00U MACCO

BEI pacxo/| py pas3psije U a0isnuu, J - MIOTHOCTh
ToKa, B - MmaruutHOe mosne. OcHOBHAs Macca IUIa3Mbl

COCTOUT M3 MOHOB YTJepoja, MEIH OTACICHHBIX OT
MOBEPXHOCTH 3JICKTPOIOB ABUTATENS [4].

B CcOBpeMEHHBIX HMMITYJIbCHBIX TIA3MEHHBIX
JIBUTATENSIX CHUCTEMa MODKUTa BKIIOYAaeT B cels
CBEUy 3a)KUI'aHUS, YCTAHOBJICHHYIO B KaTOAHOM pas-
psiaHoit kamepe[9,11]. CBeya akTUBHPYETCS C TIOMO-
IIBI0 BBICOKOBOJIBTHOW WENMW 3a)KUT'aHUS, KOTOpas
UMITYJIBC HAIlpsDKEHUS WHULMUPYET MCKPOBOM pas-
psia Mexay siektpoaamu[6,7]. DToT paspsa BbI3bI-
BaeT IMJIa3MEHHYIO BCIBIIIKY, 3aIyCKAIONIYIO pa3psit
OCHOBHOTO KOHJIEHCATOpa, KOTOpPHIN oOecrednBaeT
HE00X0IMMOe MTUTAHUE IS CO3AaHUS TATH Yepe3 Ay-
TOBOTO pa3psijia MeXIy KaTOJIOM U aHOJIOM. JTa Iyra
MOJUICP)KUBACTCS 32 CYET alJsIUM U HOHU3AIUH
TBEPJOr0 TOIUIMBA O TEX IOp, ITOKa KOHIEHCATOP
HaKOIMUTENSI HEPrUM HE OyAeT MOJHOCTBIO pa3psi-
JKeH. DJIEKTPOMAarHUTHBIE CHIIBI Teja, ONMCHIBAEMEBIC
cwioii JlopeHna u coznaBaeMble pa3psIHBIM TOKOM
3aMBIKAIOIIET0 KOHTYpa, YCKOPSIOT IUIa3MEHHBIH
CJIOH CO CKOPOCTHIO BBIXJIONA, KOTOPAsi MOXKET JOCTH-
rath 50 km/c [4].

IIponecc 3axuranusi ¢ UCIOJIB30BAaHUEM CBEYH
3a)KUTaHMs, KaK HHUIIMAPOBAHKE BCETO paspsiia, ur-
paeTt BaXXHYIO POJIb B UMITYJILCHBIX IJIa3MEHHBIX JIBU-
ratensix. Hekoropsle pannue uccinepoBanus WITJI
U3MEPSUIM XapaKTePUCTUKH 3akuranus [5,6] u uc-
ciefoBad  (U3NKY C TOMOIIBI0 JKCIIEPUMEHTOB
[7,8] u uncnenHoro monenmuposanus [9]. OgHako To,
KaK UMEHHO CBEYa 3)KMI'aHUSI MHULMHPYET pas3psi,
BCE elle HAXOJMUTCS B CTaJUU paccMOTpeHus. B
HacTosIIIiee BpEeMsl TPEJIONKEHBI JIBE€ BO3MOXKHEIC
Teopuu: nepas [7,8] 3aKIoyaeTcs B TOM, 4TO CBEYa
3aKUTaHUS Ha4MHaeT BOCILIAMEHSTHCS u
oOecrieurBaeT HayalbHYI IUIa3My MAJIs IIpolecca
PasMHOXKEHUS] BTOPHUYHBIX  DJIEKTPOHOB, KOTJa
KOJINYECTBO U pacIpeesieHre 3apsDKCHHBIX YaCTHIL
(MIOHOB, DJIEKTPOHOB) COOTBETCTBYIOT TPEOOBaHUAM
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MccnepoBaHme npouecca ropeHna NoAXKMratoLWero MCKPOBOro paspaga MMMy AbCHOMO N1a3mMeHHOoro ABuratend

CXEMBI, MEXIy  JJeKTpomamu  oOpasyercs
IJJa3MEHHBIA KaHaj, M OCHOBHOM KOHJIEHCATOp
HauMHAaeT  paspsokatbea[16].  Bropas  Teopus
MpeArnoiaracT aBTOAICKTPOHHYIO Amuccuio [10].
[lpy HanWuUMKM CUIIBHBIX 3JEKTPUUYECKHX IOJEH Ha
MOBEPXHOCTH  TBEPIOTO Tena (manpumep,
3IIEKTPOIOB) 00pa3yeTrcsl MOTCHUHUAIBHBINA Oapbep,
Kak Moka3zaHo Ha puc. 1. Ecnu anekrpudeckoe mnose
JIOCTaTOYHO CWJIBHOE, a IIOTEHIMAIBHBIA Oapbep
JOCTATOYHO TOHKHH, 3JIEKTPOHBI OYAyT KBaHTOBO-
MEXaHMUECKH TYHHEIMPOBaTh uepe3 Oapbep H
BBIXOJUTH B BakyyM (KaHam paspsnpa). To ecTb
SNMEKTPOHBI  OyAyT  HMCIYCKAaThCs,  YCHJIMBAs
ANIEKTPUYECKOE MOJIe, CO3aBas MPOBOISIIUN MYTh,
3aTeM MPOUCXOAUT OCHOBHOM paspsin [13].

OpnHako, paccMaTpUBAaEMBbI MPOLIECC MOIKHUTa
OTJINYAETCS OT TPAAUIMOHHBIX, YTO TOIUIUBO, MPEI-
CTaBJICHHOE TpaUTOM, OJJHOBPEMEHHO CITYKHT O/~
’KUTAIOMIUM 3JIEKTPOJOM IPH HPUIOKESHUH Harps-
xenust [14]. Koraa mporiecc 3a)Kuranust pOUCXOTUT
C MOMOLIBIO CBCYU 3aXKUTAHUA, TBEPAOC TOILJIMBO

3KCHepI/IMeHTaJ1bHaﬂ YCTaHOBKa

DKCIIEpUMEHTHI TIPOBOJIMIIACH B CIEIHATU3H-
POBaHHOM BaKyyMHOH KaMmepe, MOAAEp KUBArOLIEH
pabouee nasnenue Ha yposHe 10° Topp, uTo cooT-
BETCTBYET KOCMHYECKOMY BaKyyMy. DTO ITO3BOJIAET
0oJiee TOYHO BOCIIPOU3BECTH YCIOBHUS PaOOTHI MM-
mysbcHOTO 1asMerHoro nsuratens (MILJ]). Kamepa

BakyymHas kamepa 10 Topp

briok Muy

L—

NMosc
Poroeckoro

L

LR

N
e

JTOJKHO OBITh YIAJCHO IyTrOi, TO €CTh MPOIECC IMO-
Jaud TOIUIMBA IIPOMCXOIUT BO BpeMs paspsiaa [15].
DTo MPUBOIUT K MO3IHEMY abmsiuio. B mpemmarae-
MO CHCTEME MPHU MCKPOBOM pa3psijie YaCTHUIIBI YK
MOMAJIAl0T B O0JIACTh TOPEHUE, 3aTEM IPOUCXOIUT
aOJAIMS, YTO NMPUBOJIUT K JBYKPATHOMY MPOIIECCY
MOJIa4Y¥ TOTUTMBA. DTO YIPOIIAET CUCTEMY TIOJKHTra U
JIaeT MPEUMYIIIECTBA TPU aOJISIHH.

Tem He MeHee, TpollecC MOAAaYM TOIUTUBA U
WHUIIMAPOBAHUA TIO/DKHTa TpeOyeT mabHeHIIen
ONTHMHU3ALUU U ONITUMHU3AIINHN TAPAMETPOB CUCTEMBI
nuTanus. IS JOCTMKCHHMS ~ MaKCHMalbHOMW
a3 pexTHBHOCTH pabOTHl ABUTATENI HEOOXOIUMO
TOYHO HACTPOUTHh XaPAKTEPUCTUKU THUTAHUS, TAKUC
KakK BCJIMYMHA M JJIHUTCIBHOCTL pa3psaaa, a TaKKe
napamMeTpbl HaNpsDKEHHUS U €eMKOCTH KOHJEHCATopa.
Ontumuszanus JAHHBIX [AapaMEeTPOB  MO3BOJISET
YIy4lIuTb CTa6I/UII)HOCTI) u YHpaBJIICMOCTDb
MPOIIECCOB a0NAIMUA W 3aKUTAHHs, 4TO, B CBOIO
ouepeb, MOBBIIIACT MPOU3BOUTEIBHOCTD
HUMITYJIbCHBIX TIa3MEHHBIX ABurareneii [17-19].

Oblia oOopynoBaHa nBYyMs (JIaHIIAMU JTUAMETPOM
180 MM u oxHuM uaniem auamerpom 300 MM, 4TO
obecrieunBaeT HEOOXOJUMBIE YCIOBHS ISl TIPOBEIC-
HUS SKCIEPUMEHTAIBHBIX HcciaeqoBaHuil. Bces cu-
crema UII/I, 650k MUTaHUS W YIpPABICHUS, a TaKKe
nosic PoroBckoro Oblila yCTaHOBJIEHA BHYTPU KaMephl

(puc. 1).

Kamepa

CnekTpoMeTp

L

ocupnnorpad
1

b poson

Pucynok 1 — Cxema 3kcriepuMeHTaIbHON YCTaHOBKH
JUTSL ICCITEZTOBaHUS PEKUMBI paboTHI KoakcruansHoro MITJ]

B xoxe a3xciepumenTa oreHrBaach paboTOCIIO-
COOHOCTh CHCTEMBI B YCIIOBHSIX BBICOKOTO BaKyyMma.
Bce sneMeHTHI yCTaHOBKH, BKIIOYAsi 3JIEKTPOIHYIO
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nyJabcHO-TUIa3MeHHbI  aBurarens (UILJI), coxpa-
HHUJIM CBOIO pabOTOCIOCOOHOCTh 0€3 BHIUMBIX OT-
KJIOHEHUH.

OcHOBHAsT 4YacThb OJKCICPUMEHTAIBHON ycTa-
HOBKHM TMPEJCTABISCT COOOW TBEPAOTEILHBIA HWM-
MYJIbCHBIN MJIa3MEHHBIA ABUTaTEIb, OCHOBAaHHBIA Ha
TpexaeKkTpoanoi cucteme. Ha puc. 2 npencrapinena
npuHiunuanbHas cxema U, OcHOBHBIMU 371eMEH-
TaMW KOHCTPYKUWH sBisttoTcs aHoy (1), karox (2)
TTODKUTAIOINH (3pOoANpYeMBIif) a5ieKTpos (3).

PucyHnok 2 — [MpunnunuansHas cxema WUITJ]

Karon m amom msroroBieHsl u3 meau (Cu) u
YCTAHOBJICHbI KOAKCHAJIbHO OTHOCHTEIBHO JAPYT
JpyTa B TO BPeMsl, KOT/Ia ITOXKUTAIOIIU JIEKTPOJI IO
HaIPaBIEHUIO yCTAHOBIIECH NEPIIEHANKYISIPHO 000UM
OCHOBHBIM 3JIEKTposiaM. PaccTosiHue MeX Iy aHOAOM
M KaToJIOM cocTaBysieT 6 MM. ITopKuraronui 3JieK-
TPOJ W3 TPapUTOBOTO IWIMHAPA BHITIOIHSIET POJIH
KaK TBEPAOro TOIUIMBA, TAK W WHHUIIMATOpA pa3psa.
I'eomeTpuyeckue napaMeTpsl CHCTEMBI IIPUBE/ICHBI B
Tabnuue 1.

Tab6smua 1. [Tapamerpr! npotoruna NI/

[Tapamerp Pasmep
JlniHa karona 27 Mmm
JlnvHa anoma 29 mm
Junamertp karona 4 MM
Junamerp aHona 16 Mmm
JnameTp noJUKUr. 3JIeKTpoia 4 MM

MexaHn3M MHHLMUPOBAHUS pa3psaaa U ycKope-
HUS TUIa3MbI MEX/Ty KaTOJIOM U aHOZIOM MOXHO H3JI0-
KHUTh CIIETYIOIUM 00pa3oM: JUIs 3aITyCKa OCHOBHOTO
paspaga (MIa3MEHHOW NEpPEeMBIYKH) HEOOXOIMMO
CHayajla CO3/1aTh NPOBOASIIMNA KaHaJT MEXIY Karo-
JIOM U aHOJIOM. DTOT KaHaj 00pa3yeTrcs B pe3yabTaTe
WOHM3AIlMM Ta3a TIOJ BO3/ACHCTBHEM NEPBHUYHBIX
YacTHll, KOTOPble TEHEPUPYIOTCS B HUCKPOBOM pas3-
psijie, KOTOPBI BO3HHMKAET MPH MPSIMOM KOHTaKTe
MO/KUTAIOIIETO ANIEKTPOJIa ¢ KaTOJOM, YTO MPUBO-
JUT K 3nekTpudeckoit 3po3un[20]. MckpoBoii pa3psin

HAuYMHAETCS ¢ MOMEHTa KOHTAKTa 3THX JJIEMEHTOB,
IIOCKOJIBKY Ha IOKHTAIOLIUM 3JIEKTPOX IOAAETCS
HEOOJBIITON MOJIOKUTEIBHBIN TTOTeHIHA (0KoJI0 50
B) oTHOCHTENBHO KaTOA.

[Ipouecc momkuUra OCyIIECTBIACTCS C UCTIONb-
30BaHMEM JIMHEHHOT0 3J€KTPOMAarHUTHOTO NIPUBOJA,
KOTOPBI MOCIIeIOBATENEHO OCYIISCTBIISICT MEXaHH-
YecKoe JBIDKCHHE CEpACYHUKA, MPHUKPEIUICHHOTO K
NO/DKUTAOLIEMy  anekTpony. Ilpu mpunoxeHuu
HanpspkeHUs 5 B oT ympasmnsttomero 0j0ka ceprued-
HUK TIOJBOJHT BJIEKTPOJ K KOHTAKTY C KaTOJIOM, YTO
BBI3BIBAET KOPOTKOE 3aMbIKaHHUE M WHUIHUUPYET UC-
KPOBOH pa3psi. DTOT pa3psi CTAHOBUTCS CTapTOBBIM
WUMITYJIbCOM JUII OCHOBHOTO TJIa3MEHHOTO pa3psaa
MEXIY KaToJOM M aHOJOM, KOTOpBI 00ecreunBaeT
paboTy ABUTATEIS.

ITocne sToro xoHAeHcATOphHl Oarapeu pasps-
JKAIOTCsl YEPE3 CO3JaHHBIN IPOBOAAIIMMI KaHAIl, U BCS
HaKOIUJICHHAs SHEPTUS IEPEXOAUT B T'a30BBIN pa3psl.
OTO NPUBOJUT K BOSHUKHOBEHUIO IJIa3MEHHOH Mepe-
MBIYKHU CO 3HAYHUTCIbHBIM CO6CTBCHHI>IM MAarHuTHbBIM
nosieM. B pe3yibTare Ha mia3My HauWHaEeT AeUCTBO-
BaTh cuja AMIlepa, BBI3bIBAIOLIAS YCKOPEHUE IL1a3-
MEHHOTO TMIOTOKa B CTOPOHY BBIXOJIa ABHUTAaTENsl. JDTO
YCKOPEHHE CO3[aeT TATY, MPH 3TOM IIa3MECHHAs
CTpys UMEET HAIPABICHHYIO CKOPOCTH [5].

PeSyJ’[BTaTLI H oﬁcymeﬂne

Pa3psanblii TOK

NMnynbCHBIN pa3psaHbIid TOK OBLIT PETHCTPHUPO-
BaH C MCIIOJIb30BaHUEM nosica Porosckoro. Ilosic Po-
TOBCKOTO TPEJCTaBIsieT CO00i 3aMKHYTBHIM colle-
HOUZ, XapaKTepH3YIO-IIUICA NapameTpaMu: 4YHCIIO
BUTKOB N = 500, HHIYKTUBHOE CONPOTHUBJICHUE Ka-
tymkn R = 1,6 OM, nHAYKTUBHOCTD KaTymiku L =
2,06 MxI'H, mo6poTHOCT Q=2,28. OuH N3 00pa3IOB
ocuutorpammel pazpsiaHoro toka UIIJ npencras-
JIEH Ha PUCYHKE 3.

OciorpaMMa  pa3psAHOTO TOKa TpPEACTaB-
JsieT coO0O0M 3aTyXaroLyt0 KPUBYIO, XapaKTEPHYIO IS
HMMITYJIbCHBIX TJIA3MEHHBIX yCKOpHUTENE. AHammu3 oc-
MMWIJIOTPAMMBI  TIO3BOJISIET  OTPEAETUTh  BpeMs
CYLIECTBOBAHUS IJIa3MEHHOM NEPEMBIUKH MEXAY
UIEKTPOJIaMH, KOTopas cocTaBiser npumepHo 10
MKc. B aHanorngHbix paboTax co CX0KHMH ITapaMeT-
pamMu BpeMms CYIIECTBOBAHHS IJIa3Mbl W 3HAYEHUS
TOKa IPUMEPHO OJTMHAKOBHI [4,21,22,24]. B skcniepu-
MEHTE OBLJIO 3apETUCTPUPOBAHO MAaKCUMAalbHOE 3HA-
YeHHEe pa3psiiHOro ToKa Ip = 5 KA, npu HanpsHKeHUH
Up=1,4 kB.
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Pucynok 3 — OcuumiorpaMma pa3psiiHOro TOKa

CrneKTpajbHbIid AHAJIU3 COCTABA ILIA3MbI

JUid  momy4eHHs  OMHUCCHOHHOIO  CIIEKTpa
IJ1a3Mbl UCTIOJIB30BaH KOMIAKTHBIH BOJIOKOHHO-OII-
trdaeckuii cnexrpometp Optosky ATP2000, xapakre-
PU3YIOLLIUUCS HHU3KUM YPOBHEM IIymMa M BBICOKOH
MIPOM3BOAUTENBHOCTEI0. OOUH W3 IPHUMEPOB CIIEK-
TPOCKOITMYECKOI'0 aHAJIN3a TBEPAOTEIHHOTO UMITYJIb-
CHOTO MJIa3MEHHOTO JBUTATENs], IPENCTABICH HA PH-
cynke 4. Cnektp Bkitouaet jauaun atoMoB Cl ¢ -
HaMmu BOJIH 426,9, 588,95 u 656,87 um, CII ¢ nimmaamu
BoH 486,26, 678,72, 723,64 HM, a TakKe TUHUH aTO-
MOB ¥ MOJIEKYJIBI OCTAaTOYHOr0 Bo3ayxa u meau. Ilo-
SIBIICHHUE dTHX JINHUH 00BsICHAETCSI 3po3ueii rpaduro-
BOTO M MEAHBIX JJIEKTPOJOB IPH BOSHUKHOBEHHUH HUC-
KpOBOTO pa3psiia U B3aUMOJECHCTBUH C BBICOKOIHED-
TeTHYECKOM TIa3MOl. DTO TaKkKe yKa3bIBaeT Ha MpH-
CYTCTBHE B IJIA3MEHHOM IIOTOKE HMOHOB YTJEpO.a,
00pasyromuxcsi B pe3ysibTare 3po3uu rpauTOBOrO
anextpoaa [8,23-26].
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Pucynox 4 — DMUCCHOHHBIN CIEKTP IUIa3MbI B
1513010

BpICOKOCKOpPOCTHAsI ChbeMKAa JIMHAMHUKHU 00-
pa30BaHMsA MJIA3Mbl

BricokockopocTHas cheMKa JAaHHOTO Ipoliecca
¢ wucrnonbp3oBanueM kamepsl CMOS  Phantom
VEQT710S, HacTpoeHHO Ha pa3perienue 64*64 nuk-
ceJieil U 3KCHO3ULUIO B 1,7 MKC, MO3BOJISET MOTYYUTh
CEpHUI0 MTHOBEHHBIX KaJpOB, (PUKCHUPYIOMINX STallbl
(bopMHUPOBaHUS TJIA3MEHHON MIEPEMBIUKU U €€ Jajlb-
Heiitree yckopenue [27]. Ha uzo6paxenusix (puc.S)
BHUJHO TIOCJEIOBATEIbHOE pa3BUTHE pa3psijia: CHa-
YaJsia IPOUCXOIUT UCKPOBOW Mo ukHr (0), 3aTeM Io-
SBJISIETCS TIepBasi IJIa3MEHHasl IepeMbIiKa (B), ocie
4ero (GpopMHpYyeTcss OCHOBHOM IUIA3MEHHBIA MOTOK
(r,1,e,%), a 32 HUIM (PUKCUPYIOTCS TPOAOIDKEHUE HC-
KPOBOTO paspsiaa (3,1,K). DTH SBJICHUS yKa3bIBAIOT Ha
CJI0HOCTh B3aUMOJICHCTBUI B MpOLIECCE pa3psaaa U
MOTYT OBITh BKIIIOUEHBI B AaJIbHEHIIINI aHAITU3 B Clie-
JTYIOIINX 3KCIIEPUMEHTaX.

O

0) 0 Mkc B) 2,16 MKC r) 4,32 MKC n) 6,49 mxc
. - D . .
e) 8,65 Mkc x) 10,81 mxc 3) 12,97 mkc n) 15,13 mxc K) 17,29 mkc

PucyHok 5 — Pazputre u TuHaAMHKa HMITYJIbCHOTO pa3psizia B MEKINEKTPOTHOM MPOCTPAHCTBE. (IHaMeTp
BHEILHETO AJEeKTpoaa — 16MM, JuaMeTp BHYTPEHHETO IEKTPOaa — 4MM.
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OcumiorpaMmMa TOKa M HaNPSIKEHUsl HUC-
KPOBOI0 pa3psiia

[ns uccnegoBaHusl MPOLIECCOB KOPOTKOrO 3a-
MBIKaHUSI TPa(QUTOBOTO MOMKHUTAIOIIETO 3JIEKTPOAA
mognens UIIJ] Obu1 ynpomieH. YHpOILIEHHBIH CTEHA
MPECTaBIsIeT CO0OM MBYXAIEKTPOIHYIO CHCTEMY.
Jmst mosryueHusl HCKPOBOTO pa3psaaa MEXy MOJKH-
TaroIlUM 3JIEKTPOAOM M KaTOJIOM YCTaHOBJIEH KOH-
JIEHCATOp C ONPENEICHHON €MKOCThI0. I moiyue-
HUS OCUWJUIOTpaMMYy TOKa HCIIONb30Bajics nosc Po-
rockoro. OOHOBpEMEHHO ObT H3MEPEH TOK H
HanpspKeHUe pa3psiia MoJDKUra.
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PucyHnoxk 6 — BpemeHHas 3aBHCHMOCTD HATIPSHKEHUS
Y TOKa B LIEMH MTOJKUTA.
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Bo Bpems mpsIMOTO KOHTakTa BJIEKTPOIOB CHU-
CTEMbI IIOJKUra HaOJIIOJAETCsl PE3KOe YBEINYEHHUE
HMITyJIbCA TOKa KOPOTKOI'O 3aMbIKaHHS C IHUKOBBIM
3HadeHueM 20 A, U IIUTEILHOCTHIO 0KOJI0 5 MKC. B
JAHHOM CIIy4ae 3TOT UMITYJIbC CYMTAETCS TTOJIC3HBIM,
TaK Kak OH SBJSIETCS WHHUIMATOPOM TMOSIBICHUA H
noJ/iep>KaHusd OCHOBHOW TJIa3MEHHOW TEepPEeMBIUKH,
o0ecrieurBas 3aTPaBOYHBIMHU 3apsaMy M TOTUIMBOM
(aTOMBI 1 MOJIEKYIIBI YTIIEPOa).

Takoke Ha puCyHKe 6 MOXKHO 3aMETHTH 0OpaTHOE
TE4eHHE TOKa (> 5 MKC) 1 MOsIBIIEHHE 00JIee TO3THETO
MOJIOKHUTEIBHOTO UMITyJIbca Toka (> 15 mkc). On-
HAaKO aHHOE MOBEICHUE TOKA CUCTEMBI ITOJKHUTra He
BJIMACT Ha PabOTy ABUTaTENsl, TO €CTh HE MOJACPIKH-
BAa€T T'OPEHUE OCHOBHOM IJIa3MEHHOM IMEPEMBIUKH,
MOCKOJIBKY BpEMsI JKU3HHU IUIa3MEHHOM IMEPEMBIUKH
He npespimaeT 10 mxc. KpoMe Toro, mpoucxonur usz-
JUIIHUKA pacxoj] TorumBa. M3 atoro ciemyer, 4to
HEOOXOIUMO ONTHMM3UPOBAaTh TOpPEHHE pas3psaaa
MO/DKUTA U COTIIAcOBATh €T0 C JJUTEIbHOCTHIO Tope-
HUS IUIA3MEHHOW IEPEMBIYKU MEXAY 3JIEKTPOJaMU,
KoTopoe cocTasisieT He Oonee 10 mkc. s onpene-
JICHHSI ONTHMAJILHOTO 3HAYEHHUS] EMKOCTH KOHJCHCA-
TOpa W HampsbKeHHs ObLUTH TPOBEJICHBI CEpHsl dKCIIe-
puMeHTOB. Huxke mokasaHsl IpUMeEpsI MMOIYYEHHBIX
OCLWJIJIOTPaMM TOKa M HANPSDKEHUS TPU Pa3IMYHBIX
E€MKOCTSIX W HAaNpPSKCHHSAX MUTAIOLIETO KOHJICHCA-
Topa (puc.7).
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PucyHnok 7 — OcruiiorpaMMbl TOKa ¥ HAPSDKEHUS TIPU PA3TTUIHBIX EMKOCTAX
MUTAIONIET0 KOHIEHCATOPA.
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DKCIEpUMEHT MPOBOAWICA C KOHAEHCATOPAMHU
emkocthio 10, 47 m 100 Mx®. [Ipum omMHAKOBBIX
HanpspkeHusx 45 B, ¢ manoit emkocThio B 10 Mk®D mc-
Kpa ObLi1a craboii, a BpeMs MeXIy UMITYJIbCaMHU TOKa
BapsupoBasiochk oT 20 1o 60 mkc. Ilpu émxoctax 47
MKD® 1 100 mx® wmckpa Obmia Ooyiee 3aMeTHOH, a
BpEMs MEX/1y UMITYJIbCAMH TOKa TaKKe 3HAYUTEIBHO
BapbUPOBAJIOCH.

OHeprus paspsiza NpornopLUOHaIbHA EMKOCTH U
KBaJpaTy HalpsDKEHUs1. DTO 03HAYAET, YTO yMEHbILIe-
HUe EMKOCTH U yBEJIMUCHHUE HAMIPSYKEHHUS TIO3BOJISTIOT
pacxoJ0BaTh OOJBIIYIO YaCTh SHEPTHUU B IEPBOM HM-
myJbce pa3psiaa. B skcnepuMeHTax ¢ KOHIEHCATOPOM
émkocthio 10 Mx® nipu Hanpsbxkennu 70 B 6bu10 m0-
Ka3aHo (T), uto ot 0,25 JI) sHepruu Mpu MepBOM Ke
paspsane pacxoayercs 0,23 JI>x 3Hepruu, 3To NopsaKa
92%, uro ykaspiBaeT Ha ero 3((HEeKTUBHOCTD.

Hnst 5h¢deKTUBHOTO HCTONIB30BaHUsl TpaduTo-
BOT'0 TOIUIMBO PEKOMEHIYETCS YMEHBIIATh EMKOCTb
KOHJIEHCATOpa U yBEJIMYMBATh HanpsbkeHue. Jlomon-
HUTEJIbHBIC JKCIIEPUMEHTH C 0oJiee BBICOKUMHU
HalIpSDKEHUSIMA M MEHbIIEH EMKOCTBIO IOMOTYT
ONpEeIEeIUTh ONTUMANIBHBIE YCIOBUA paspsiaa. Takoil
MIO/IX0/J] TO3BOJIUT ONITUMHU3UPOBATH IIpOIiece pa3psiia
Y TIOBBICUTH 3 (PEKTUBHOCTH MCIIONB30BaHuUs rpadu-
TOBOT'O 3JIEKTPOJa B PA3IMYHBIX IPUIOKEHHSIX.

3akiIouyenue

B Xoae HpOBe,Z[éHHLIX OKCIICPUMCHTOB IIO U3Y-
YCHHIO ITPOILCCCOB IMO/PKUT'a U IOJJa41 TOILJIMBA B UM-
IMyJIbCHOM INJIA3BMEHHOM JIBUT'aTCJIC YaJI0OCh OIIpEac-
JINTh ONTHUMAJIBHBIC MAapaMETPbl CUCTEMBbI IIO/KUTA.

AHanmm3 ocUMIJIOrpaMM TOKa pa3psia OCHOBHOM M
HO/DKUTAIOMIEH CHCTEMBI, a TaKXe pETHCTpamus
HaNpsHKSHUS Ha KOHIGHCATOPaX IO3BOJINIIO BHIIBUTH
OTpHLIATEIFHBIX MOMEHTOB, OTPULATETIBHO CKa3bIBa-
fommxcsi Ha 3()()EeKTUBHOCTH HMCIOJIB30BaHUS TOII-
nuBa. CreKTpaIbHBIA aHaIW3 MMOKa3a] HAIWYUS da-
CTHII NTOJJaBA€MOT0 TOIUIMBA, YTO CBUAETEIBCTBYET O
KOPPEKTHOCTH MPOIIecca ero mojayu u noHuzauuu. C
HIOMOIIIBIO BBICOKOCKOPOCTHOM KaMepbl
pErUCTpUpPOBaH AWMHAMHUKA 00pa3oBaHUs Ia3Mbl. C
MOMOIIBIO MOJTY4YEeHHBIX PHCYHKOB ObLIO
00HapyKeHO HaJIn4Ke HeadekTuBHO
HCIIOJIb30BAaHHOTO YacTh TOILINBA.

BaXHBIM 3TaroM 3KCIIEpUMEHTa CTaJIO YIIpollie-
HHUE CHCTEMBI JUIS OTACTBHOTO M3Yy4YeHHs Mpolecca
HO/DKUra. Bpumn mMccinenoBaHbl KOHAEHCATOPHI TPeX
THUIIOB TIPH Pa3HBIX 3HAYCHUSX HampsokeHus. Ha oc-
HOBaHUH ITOJYYCHHBIX TAHHBIX ObLT BBIOpaH TUM EM-
KOCTH ¥ HalpsHKeHUE JUII CUCTEMBI IoJpKura. B pe-
3yJIbTaTe STUX HCCIIeIOBaHIH ObLT BHIOpaH HAOOp ma-
pameTpoB U1t 3GPEKTUBHOTO MOHKUTA, YTO MO3BO-
JIAT MOBBICUTD ITPOU3BOJAUTCIIBHOCTE CUCTCMBI. I[aﬂb-
Helmras pabota Oy/eT HampaBiieHa Ha ONITUMHU3AITUI0
CHCTEMBI TO/KUTa U €€ MHTETPaluio B paboune pe-
JKMMbI UMITYJIbCHOT'O TNIa3MCHHOT' O JIBUT'aTCIIA.
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THE PARTICLE SIZE EFFECT ON THE COLLISION PROCESSES IN COMPLEX PLASMA

In this paper, the impact of dust particle size on the collision processes of ions with dust particles is inves-
tigated on the basis of the modified Yukawa potential. The scattering and absorption of an ion in the field of a
dust particle with different radius are considered. The scattering angles of ions in the field of a charged dust
particle at different impact parameters are calculated. The scattering and absorption cross sections of ions in
the field of a dust particle were obtained considering their size in a wide range of coupling parameters. And
also, the ion drag force acting on the charged dust particle is investigated. The orbital and collector parts of the
ion entrainment force are obtained for different dust particle radii. The results show that taking into account
the dust particle radius leads to a sufficient change in both the momentum transfer cross section and the ion
entrainment force. It is found that accounting for dust particle size leads to a decrease in the force due to ion
scattering and, conversely, to an increase in the force due to ion absorption. The results of this work can be
useful for studying wave phenomena, configuration and arrangement of dust structures, rotation of dust clus-
ters in a magnetic field, dispersion of low-frequency oscillations, formation of voids, and other collective pro-
cesses.

Keywords: complex plasma, dust particle, collision processes, momentum transfer cross section, ion drag
force.
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BeniekTep enLIeMiHiH, KelleHj N1asmaaarbl COKTbIFbICY MpoLecTepiHe acepi

Byn kymbicTa KOKaBaHbIH MoAMdMKaUMANaHFaH NOTEHLUMANbI HEeri3iHAe To3aHabl benWeKTepaiH, enlem-
AepiH eckepe OTbIPbIN, MOHAAPAbIH, TO3aHAbl 6e/leKTepMeH COKTbIFbICY MPOLEcTepiHe acepi 3epTrend,.
PaamycTapbl apTypAi To3aHabl BenleKTepiHiH epiciHAe MOHHbIH LWallbipaybl MEeH XYTblAybl KapacTblipblaabl.
IpPTYPAi HbicaHa NapameTpaepi YLWiH 3apaaTanFaH To3aHabl 6enlWeKTepiHiH, epiciHaeri NoHAAPAbIH Wallblipay
bypbllwTapbl ecentengi. To3aHabl Oesnllek epiciHAeri MOHAAPAbIH, LWallblpay YXOHE KYTblAy KumManapbl
HalinaHbIC NapamMeTpIepPiHiH KeH, AMana3oHbiHAG ONapablH, eeMAEPiH ecKkepe OTbipbIn anbiHAbl. CoHAam-akK,
3apaATanfaH To3aHAbl benlleKkTepiHe acep eTeTiH MOHAbIK Kapny Kyli 3epTreni. To3aHabl HenleKkTepiHiH,
PTYPAI paamycTapbl YWiH WMOHAbIK Kapny KyLiHIH OpOMTaNbIK »KaHE KOANEKTOP/bIK OenikTepi anbiHAbI.
A/bIHFaH HaTUXKeNep To3aHabl BenleKTepiHiH, pagMyCbiH eCEMnKe any MMMNYAbCTI TacbiManaay KMMacbIHbIH A3,
MOHADbIK, Kapny KywWiHiH Je XeTKiNiKTi e3repyiHe oKeneTiHiH KepceTedi. AHbIKTanfaHaan, To3aHAbI
HenlWeKTEPIHIH, Me/LepPiH ecenke any MOHAAPAbIH, WallblpaybliHaH 60MATbiH KyWTiH TOMeHAeyiHe KaHe
KepiciHLIe MOHAaPAbIH KYTblAyblHAH B0ONATbIH KYLITIH *OFapblaaybiHa aKkeneai. by XKyMbICTbIH HOTUKeNepi
TONKbIHABIK KYOblNbICTapbl, TO3aHAbl KYPbINbIMHbIH KOHOUIYPALMACHIH }KaHE OPHANacyblH, MarHUT epiciHae
TO3aHAbl KNacTep/epaiH aiHanyblH, TOMEHT i XNinikTi TepbenicTepaiH AMCNepPCUAChIH, BOMATLIH Naiaa 601ybIH
*KoHe HacKa Aa YKbIMAbIK NPOLECTEPi 3epTTey YLWiH nanaanbl 60aybl MyMKIH.

TyMiH ce3mep: KeweHAi naasma, To3aHabl Oe/WeKTep, COKTbIFbICY NPOLLEeCTepi, MMMNYAbCTI TacbiManaay
KMMacbl, MOHAbIK Kapny KyLLi.
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The particle size effect on the collision processes in complex plasma
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BanaHwne pasmepa 4acTmu, Ha NPOLLeCCbl CTONKHOBEHWA B KOMN/JIEKCHOM Nnasme

B aaHHON paboTe H6bIM nccnenoBaHbl BAMAHWE pasmepa MblAeBbIX YacTUL, Ha MNPOLECCHl CTO/IKHOBEH WA
MOHOB C MblJIEBBIMW YacTMLL@MM Ha OCHOBE MOAMPULMPOBAHHOMO NoTeHuMana KOKasbl. bbliv paccMOTPEHDI
pacceAHWe 1 NOMMOLLEHME MOHA B NOJE MbIIEBOM YaCTULbI C PA3/IMYHbIM PaZMyCcOM. Bblan paccynTaHbl yrbl
pacceAHWs MOHOB B MOJE 3aPAKEHHOM MbIIEBOM YaCTMLbI MPU PA3AMYHbIX MPULENbHbBIX NapameTpax. bbian
NO/yYeHbl CEYEHMA PacCeAHMA MU NOTIOLLEHWA MOHOB B NMOJIE NbIIEBOM YaCTULbI C Y4ETOM MX pa3Mepa B LUMPO-
KOM AmManasoHe napameTpoB cBA3W. A Takke Oblia nccaenoBaHa cuaa MOHHOTO yBAeYeHMA, AeNCTBYOWAnA Ha
3apAKEHHYIO MbleBYO YacTuLy. JnA pasanyHbIX pagmnycoB NblaeBblX YacTul, Bblam nonyyeHbl opbuTanbHas 1
KO/IZIEKTOPHAA YaCTW CU/bl MIOHHOTO yBAeYeHUA. MonyYeHHble pe3y/bTaTbl MOKa3bIBAkOT, YTO YYeT pagmnyca Mbi-
NEBbIX YACTUL, MPUBOAMT K AOCTATOYHOMY M3MEHEHMIO KaK CEYEHMA NePeHOca MMMY/bCa, TaK U CUJTbl MOHHOTO
yBfeyeHms. KaKk BbIACHNAOCH, y4eT pasmepa MblAeBbIX YaCTUL, MPUBOAUT K YMEHbLIEH WO CU/Tbl, 0BYCNOBAEHHON
paccenmBaHMem MOHOB, M, HA0BOPOT, K YBEIMYEHWNIO CUAbI, OBYCIOBAEHHOM NOMOLWLEHMEM MOHOB. Pe3ynbTaTbl
OAHHOM paboTbl MOTYT ObITb MNOE3HbI 414 U3YYEHWS BOHOBbIX ABIEHWUIA, KOHOUTYPALMKM U PACTIONOKEHWA Mbl-
NEBbIX CTPYKTYP, BPALLEHWSA MbIEBbLIX KNACTEPOB B MAarHUTHOM MOJ1e, ANCNEPCUM HU3KOYACTOTHbIX KoNebaHui,
06pa3oBaHMA BOMAOB M APYTMX KONNEKTUBHbBIX MPOLECCOB.

KntoueBble €/10Ba: KOMMEKCHAA Naa3ma, NblaeBan 4acTunLa, NPOLLECChl CTOIKHOBEHWA, CEYEHMe NepeHoca
MMMNYNbCA, CUAA MOHHOTO YBEYEHUS.

Introduction

A number of the fundamental problems concern-
ing dusty plasma is currently in the focus of experi-
mental [1-3] and theoretical [4, 5] studies in labora-
tory room gas discharge, astrophysical plasmas, as
well as various technological processes [6]. Collision
processes between charged plasma particles are cru-
cial for examining the transport characteristics of
complex plasmas.

The ion drag force resulting from collisions be-
tween charged plasma particles influences wave phe-
nomena, the configuration and arrangement of dust
structures, the rotation of dust clusters in magnetic
fields, the dispersion of low-frequency oscillations,
the formation of voids, and other collective processes
[7-12].

In studying collisional processes, understanding
the interaction between charged particles is crucial.
Currently, many studies focus on collisional pro-
cesses based on the Yukawa potential, where the size
of the dust particle is not considered.

In this paper, on the basis of the modified Yu-
kawa potential the collision processes of positively
charged ions with the dust particles have been inves-
tigated considering their size. The collision process is
characterized by the following dimensionless param-
eters: the coupling parameter § = e?Zd/mv?A, the
impact parameter p/A and the radius of the dust par-
ticle normalized to the Debye length a/A.
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Theory of interaction

This paper explores the collision processes be-
tween a positively charged ion and a dust particle us-
ing a modified Yukawa interaction potential that in-
corporates the effect of the dust particle's finite size
[13]:

eZZd
(14+akp)r

ur) =— exp(=(r —a)kp), (1)

where r is the interparticle distance, kj, is screening
length, a is the dust particle radius. In case a — 0, the
modified Yukawa potential (1) corresponds to the Yu-
kawa interaction potential

U(r) = —e?Z exp(—rkp)/r.
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Figure 1 — The effective potential (2) for the radial
motion of ions in the field of the dust particle with
radius a/A = 10"*and a/A =04 atp\ 1 =
3.0;4.24; 5.0
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Collision processes

A. Scattering

Let’s examine the collision between a positively
charged ion and a stationary charged dust particle.
The ion’s motion within the central force field of the
charged dust particle is described by the effective in-
teraction potential energy U.s, given by: [14-16]:

Uesr(rp) _ p* | UM
E T2 + E @)

where E = mv2 /2 represents the initial kinetic energy
of the projectile (before the collision), and p is the im-
pact parameter. The first term on the right side of
equation (2) arises from the centrifugal repulsive
force [14-16]. The following equation gives the scat-
tering angle of the projectile based on the impact pa-
rameter:

347 T T T T T T T T

00 08 10 12 14 18 18 20

p/A

22 24

x(p) = | —2¢(p)| (3)

ar
where @(p) = pf —
o r ’1—Ueff(T,P)

The scattering cross section can be calculated us-
ing the scattering angle (3) in the following manner
[25]:

o =2m ["(L—cosx(p)pdp (4

The calculation considers the physical condition
that ry is greater than a. Let us discuss the obtained
results of scattering processes of ion in the field of
charged dust particle with taking into account its size.
The effective potential (2) the radial motion of ions in
the field of the dust particle with radius a/A=10"*; 0.4
at B = 100 and different impact parameters p/A = 3.0;
4.24, 5.0 are shown in figure 1.

1811 v T T T T
g i3 30
16 i =3
/ A ke -
14 |- [ - —_— aA=10
4714 1 --- ak=02
12} A : 4
/ z . : —- a)‘0=04
10F =" \ . E
|
8 | | .
|
6} B |
|
z 4
2F \\;:‘;~ .
e ]
ovl ) | 1 L 1 1
0.0 41 42 43 44 45 48

‘)/’}\.

Figure 2 — The dependence of scattering angle on impact parameter
for particles of different sizes at B= 1 and = 30

In figure 2 the dependence of scattering angle on im-
pact parameter for particles of different sizes at f =1
and =30 are shown. As can be seen from the figures,
the influence of dust particle size is enhanced with the
increase of the coupling parameter f, i.e. at strong in-
teraction of the ion with the dust particle f >> 1.

As previously discussed in the works [15,16], the
manifestation of the effect is observed where finite
motion of the ion is observed in the field of a dust
particle with a large scattering angle at a critical im-
pact parameter p./A = 4.24 and B = 30 for a = 107,
This effect is preserved, with a small shift in the crit-
ical impact parameter p./A =4.27 for o = 0.2 and p./A
=433 fora=10.4.
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Figure 3 — The dependence of scattering
cross section on the coupling parameter
for particles of different sizes
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Further the scattering cross section (4) has been
obtained as a function of the coupling parameter for
dust coupling parameter for dust particles of different
sizes, which is presented in figure 3. The results show
that the consideration of dust particle size leads to a
significant reduction of ion scattering around the dust
particle. It can also be seen that the number of scat-
tered ions almost becomes negligible from the cou-
pling parameter § > 100 for o = 0.2 and B > 40 for a
=0.4.

B. Capturing

The contact collision cross section is determined
from the capture collision (contact collision) parame-
ter p.(p), which corresponds to the impact parameter
at which the distance of closest approach (tmin) corre-
sponds to the contact of the projectile with the dust
particle surface [17, 18]. It is assumed that any pro-
jectile (ion) with p < p. is considered to be captured
by a charged dust particle. By knowing p.() we can
calculate the scattering cross section as [17]:

ac(B) = mpZ (B). )

The parameter p. is determined by the condition that
the closest approach distance, ro, is less than the ra-
dius of the dust particle, a. This condition ensures an
accurate representation of the particle interaction. The
closest approach distance (ro) is computed from the
relation Uy(r, p) = 1. The dependence of collection
cross section on the coupling parameter for dust par-
ticles of different sizes are given in figure 4. As ex-
pected, accounting for dust particle size resulted in an
increase in the collection cross section. In figure 5 are
shown the dependence of momentum transfer cross
section on the coupling parameter for dust particles of
different sizes. The momentum transfer cross section
is the sum of scattering and collection cross sections.
The figure shows that up to p <= 10, the weak inter-
action, i.e., the energy of the colliding particle (ion) is
high enough to overcome the potential barrier of the
dust particle. In this case, there is mostly scattering of
the ion in the field of the dust particle compared to the
absorption of the ion by the dust particle. Thus, this
leads to a decrease of the total transport cross section
as well as the scattering cross section. At strong inter-
action when 8 > 10 the absorption process begins to
dominate, thus increasing the total transport cross
section.

Ion drag force

The total ion drag force consists of the collection
force FS°! from ions impacting the dust particle and
the orbital force FJ"” from deflected ions

Fq = Fg™ + Fg°!, (6)
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The orbital component of the ion drag force at
drift velocity u is calculated using an integral over the
shifted Maxwell distribution [19]:

LR =

o()v3exp (— (1;2;;)2) ((1 —

0
2 2, 2
e (-2) -1 -ew () Jav - )

)1/2

21/2nimi
nl/2yTu

where, v = (kgT;/m;)"” represents the ion thermal ve-
locity. The collection component of the ion drag force
is obtained from the following equation [20]:

coll _ 2
Fg™" = njysmv;mpg (®)

2
where, v = (vlz + 8KgT; / (nmi)) is the ion

thermal speed.
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Figure 4 — The dependence of collection cross sec-
tion on the coupling parameter for dust particles of
different sizes

The dependence of ion drag force on the velocity for
dust particles of different sizes is shown in figure 6.
In figure the total ion drag force (6) (solid line), or-
bital part (7) (dash dot line) and collection part (8)
(dash line) of the ion drag force are presented for dif-
ferent values of dust particle radius. The results pre-
sented in figure 6 were obtained using the cross-sec-
tions calculated for the potential (1). As can be seen
from the figure, taking into account the particle size
leads to a reduction of the orbital part of the ion drag
force, while the collection part of the ion drag force
conversely grows.

For Argon plasma with the density of electrons
and ions 5x107"* m™3, the temperature of electrons
(ions) T. = 3 eV (T; = 0.03 eV), and the dust particle
radius @ = 3.62 (a/2 = 0.2), a = 7.25 (a/2 = 0.4) cor-
responds to the charge Z; = 5735 (Z; = 11484).
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Figure 5 — The dependence of momentum transfer
cross section on the coupling parameter
for dust particles of different sizes

Conclusions

The collision processes of charged particles have
been investigated on the basis of the modified Yu-
kawa potential considering the dust particle radius.
The scattering as well as the capturing of ion in the
field of charged dust particle with different radius are
considered. The orbital and collection parts of ion
drag force are obtained on the basis of the cross sec-
tions for different dust particle radius in a wide range
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Figure 6 — The dependence of ion drag force on the
velocity for dust particles of different sizes.
The dash line corresponds to the collection

component of the ion drag force

momentum transfer cross section and the ion drag
force. As it is found out, taking into account the size
of dust particles leads to a reduction of the force due
to scattering ions and on the reverse increases the
force due to absorbing ions.
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1Ka3axcKkuit HaLMOoHabHbIA UCCNeA0BaTENbCKUI TEXHUYECKMI yHUBEPCUTET MMeHn K.M. CaTnaesa,
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O B3AMMOZEMCTBWKM NO3UTPOHOB C ATOMAMM BOAOPOLA WU MENUA

MccneaosaHbl NPOLLECCh YNPYroro pacceaHus no3uTPOHOB Ha aToMax BOAOPOAa M reams Ha OCHoBe
noTeHLMana oONTUYECKOro B3aMMOoAeNCTBMA. 3a[a4a peLieHa C UCNo/b30BaHNeM ypaBHeHUA Kanoaxepo ans
onpegeneHna ¢asoBbiXx CABUIOB. losydeHHble $as3oBble CABUMM AAA S-, P- U d-BOMH AEMOHCTPUPYIOT
XapaKTepHble 3aKOHOMEPHOCTU MPU YBEJANYEHUN 3SHEPTUM NO3UTPOHA. CpaBHEHME HaliMX Pesy/bTaToB C
npeablaywmmm  UCCNedoBaHuAMM  NOATBEPAMAO WX [AOCTOBEPHOCTb. TaKMKe M3ydeHa 3aBUCMMOCTb
anddepeHUManbHOTO CeYeHUA pacceaHua OT yraa pacCesHMs M SHepruM NosuTpoHa. MccneposaHue
B3aMMOAEMNCTBMIA NO3UTPOHa C aTOMaMW WMMEET Ba)KHOe 3HayeHue A1a NOHUMaHMA GyHAaMeHTaNbHbIX
aTOMHbIX NPOLIECCOB U HaxOAMT NPUMEHEHME B pa3nYHbIX 061acTAX, BKAOYAA UCCAEA0BAHNA aHTUMATEPUN
N MEeToAbl MeAULMHCKOM BM3yanmnsaumn. B aaHHoM paboTe Mbl NPUMEHWUAM METOA, ONTUYECKOro NoTeHLMana
ONA MOAENMPOBAHMA B3aMMOAENCTBUA NO3UTPOHOB C aTOMHbIMKW 0BbEKTaMK, YTO NO3BOAAET Hosee TOYHO
OnucbIBaTb AMHAMMKY pacceaHusa. YucneHHoe pelueHue ypasHeHua Kanoaykepo MO3BOMAO BbIYMCAUTL
dasoBble CABUIMM, KOTOPbIE ABASIOTCA KNHOYEBbIMU XapaKTEPMUCTMKaMM NPOLIECCa PacceaHnn. Halim pesynbTaTsi
NOKasanu, 4Yto $asoBble CABUIMM WMMEIOT BblPaXKEHHble TeHAEHUUW AN Pa3IMYHbIX COCTOAHWIA YrI0BOro
MOMEHTa, YTO AaeT NpeAcTas/NeHne O NoBeaeHUN pacceaHna NO3UTPOHOB NPU U3MEHEHUM YPOBHEN SHEepPrum.
AHanuns anddepeHLnanbHOro ceyeHus pacceaHna 4oNOAHUTENbHO BbIABMA YIIOBYIO 3aBUCMMOCTb PacCenHus,
NoAYEPKMBas KIOUEBble BapnaLmMK, Bbi3BaHHbIE B3aMMOAENCTBYIOLLMMM NOTEHLMANAMMN.

Knioyesble cnosa: anddepeHLmanbHoe cevyeHne pacceaHns, ONTUUYECKUIA NOTeHLMaN B3anuMO4enCcTans,
NO3UTPOH, $Ha3oBbIN CABUT.

E.O. Wanenos', K.H. Oxxymarynosa®?, E.A. TawkeHbaes?,
E.C. CeittkoxaHos>?, M.H. Ixymarynos!
IK.M. Cotbaes aTbiHAaFbl Ka3ak YATTbIK TEXHWUKAbIK 3epTTey YHMBepcuTeTi, AIMaThl K., KasakcTaH
29n-Mapabu aTbiHaaFbl Kasak, yiTTbik yHuBepcuTeTi, STOF3U, AnmaTsl K., KasakcTaH
*e-mail: Shalenov.erik@physics.kz

TbIFbI3 a3fblHAANFaH NAAa3Maaarbl MOHAAHY
NOTEHLMUANbIHbIH TOMEHAEYIH eCKEPETIH MOHAAHY Tene-TeHAIri

OnNTMKanblK ©3apa opeKkeTTecy NoTeHUManbl HeridiHge cyTeri  »aHe reanni  atomaapbimeH
NO3MTPOHAAPAbIH CEPMiMA Wallblpay npouecTepi 3epTreni. PasanbiK bifblCy/1lapbl aHbIKTay YWiH Kanoaxepo
TeHAeyi KONAaHbINAbl. S-, P-, KoHe d-TONMKbIHAAPbI VYWiH anblHFaH ¢as3anbiK  bIfbICyap MNO3UTPOH
SHEPrUACbIHbIH, apTybIMEH cCMMAaTTaMasblK 3aHAablbIKTapAbl KepceTedi. bi3aiH, HaTuxkenepimia anabiHfbl
3epTTeyNepmMeH CanbICTbIpbIAbIN, OAapAblH CeHimainiri pactanabl. CoHAal-ak, Walbipay Oypbilbl MeH
NO3UTPOH 3HepruAacbiHa banaHbICTbl AnddepeHLmanibl WaLlblpay KMMACbIHbIH e3repyi 3epTTensi. MosnTpoH
MeH aTOM apacblHAaFbl ©3apa dPEKETTECY i 3epTTey Heri3ri aTOMAbIK MPOLLECTEPAI TYCIHY YLIIH MaHbI3 bl XKaHe
aHTUMaTepKA 3epTTeynepi MeH MeauLMHaNbIK beliHeney aaicTepiHae KOAAaHbIAYbl MyMKiH. Byn »KymbicTa 6i3
MO3UTPOHAAP MEH aTOMAbBIK HbICAaHAAP apacbiHAAfbl ©3apa JpPEeKeTTecyfi MoAenbAey YLWiH ONTUMKabIK
NoTeHUMAN oAiciH KonJdaHAaplK, Oyn Wallbipay AMHAaMMKacbiH O2/1ipeK cunaTTayfa MYMKIHAIK bepeai.
Kanoaxkepo TeHAeyiHiH, CaHAbIK WeliMmi Wawbipay NPOLLECiH CMNaTTanTbiH Gasanblk, biFbiCyapbl ecenTeyre
MYMKIHAIK 6epai. bisaiH, HaTuKenepimia apTypi OYPbILLTbIK MOMEHT KyMi yWiH da3anblK biFbICyNapabliH,
apbIKWa TeHAEeHUMANAPbIH alTbl, MO3WUTPOH LWalbIPaybIHbIH, SPTYPAI SHEprua aAeHrennepiHae Kanau
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O B3amMmoaencTemm NMO3UTPOHOB C aTOMamMun BOAOPOAa U renna

e3repeTiHiH KepceTTi. AnddepeHumanabl KMMa Tangaybl WallblpayablH, OYpbIWTLIK Tayenainirii ogaH api
KepCceTTi, ©3apa speKeTTecy NoTeHUManAapbiHbIH 8CepiH alkbiHAan bepai.

TyhiH ce3gep: aAvbdepeHUManaplK LWallblpay KWMMacbl, ONTWUKa/bIK ©3apa SpeKeTTecy MnoTeHumansbl,
NO3UTPOH, baszanblK bifbiCy.
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Ye.S. Seitkozhanov!?, M.N. Jumagulov!
1Satbayev University, Aimaty, Kazakhstan,
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About the interaction of positrons with hydrogen and helium atoms

The processes of elastic scattering of positrons on hydrogen and helium atoms based on the optical
interaction potential were investigated. The problem was solved using the Calogero equation to determine
phase shifts. The obtained phase shifts for s-, p-, and d-waves demonstrate characteristic patterns with
increasing positron’s energy. A comparison of our results with previous studies confirmed their reliability. The
variation of the differential scattering cross-section depending on the scattering angle and positron’s energy
was also studied. The investigation of positron-atom interactions is crucial for understanding fundamental
atomic processes and has implications in various fields, including antimatter research and medical imaging
techniques. In this study, we applied the optical potential method to model the interaction between positrons
and atomic targets, which provides a more accurate representation of the scattering dynamics. The numerical
solution of the Calogero equation allowed us to compute phase shifts, which are essential in characterizing
the scattering process. Our results revealed that phase shifts exhibit distinct trends for different angular
momentum states, providing insight into the behavior of positron scattering at varying energy levels. The
differential cross-section analysis further illustrated the angular dependence of scattering, highlighting key
variations influenced by interaction potentials.

Keywords: differential scattering cross-section, optical interaction potential, positron, phase shift.

BBenenune

UccnenoBanue B3aMMOAEHCTBUS MO3UTPOHOB C
ATOMHBIMM CUCTEMAaMU OCTAETCS KJIFOYEBOUM TEMOH B
aTOMHOU 1 MOJIEKYIApHOH (uznke. [loHMMaHue ATHX
MIPOLIECCOB BAYKHO JJIsl MHOKECTBA MPUIIOKEHUNA — OT
(U3UKN aHTUMATEPUH U acTPOPUINUECKOTO MOJIEITH-
POBaHUA O TUATHOCTHUKH IJIa3Mbl U Pa3BUTHUS TIO3H-
TPOHHBIX METOAOB BU3yanu3anuu. [lockonbky Bogo-
pOI W TeNui SABISAIOTCS CaMBIMH MPOCTBIMH aTOM-
HBIMH CHCTEMaMH, OHU CIyXaT UeaTbHBIMI 00bEK-
TaMU JIJIs1 U3y9EHUS pacCesiHHsI TO3UTPOHOB H MO3BO-
JISIIOT MOJTYYUTh LIEHHBIE CBEACHUS O PyHIaMEHTalIb-
HBIX KBaHTOBO-MEXaHUYECKUX B3aMMOJICHCTBHUSAX.

B pabore [1] paccMaTpuBaroTCs IPOIECCH pac-
CesHHUs TO3UTPOHOB HAa aTroMax M MOJIEKyJax —
HarpasJiieHHe, UMerolIee OoIbIIoe 3HaYeHne s CO-
BPEMEHHOM HayKH. DTH MPOIECCH IOMOTAI0T MOHATD
(dbyHIaMeHTaIbHbIE B3aMMOJCHCTBHSI aHTUMATEPHH C
OOBIYHOI MaTeprel U HaXoIsAT IPUMEHEHHE B TaKUX
o0NacTsX, Kak TIO3UTPOHHAS AaHHUTWISAIUOHHAS
CHEKTPOCKOINS, AMATHOCTHKA TIIa3Mbl U acTpodu-
3MKa.

Pabora [2] mocesiieHa uccienoBanuto (a30BbIX
CIBUTOB, CEUSHHI paCCESIHHS ¥ pe30HaHCHBIX 3 dek-
TOB, BO3HHKAIOIIUX TIPHU B3aUMOJEWCTBUU MO3UTPO-
HOB ¢ aToMaMu U noHaMu. COBpEMEHHBIE TEOPETHYC-
CKHE METOJIbI, TAKUE KaK MOJEIh KOMIUIEKCHOTO Mac-
mrabupoBanus (CSM), TO3BONAIOT TOYHEE OIHCHI-
BaTh (pa30BbIC CIBUTM B HU3KO3HEPIETUYECKOM pac-
cessuun. Kpome Toro, MeTos NCeBIOCOCTOSIHUN d-
(heKTUBHO TIPOTHO3UPYET HU3KOIHEpreTHdeckue (a-
30BbI€ CIBUTH B YIIPYTOM PacCEsIHUU HO3UTPOHOB HA
Maraud [3].

B pabore [4] uccnenyerca BIUsSHUE TOISpU3aA-
MUOHHBIX A((}EeKTOB Ha paccesHUe MO3UTPOHOB.
brimo mokazaHo, YTO KBapyIOJbHAS TOJISPH3Ye-
MOCTh W THIIEPIIOJIIPU3YEMOCTh 3HAYUTEIFHO BIIH-
SFOT Ha TTapaMeTPhl paccesiHusl, 0COOCHHO TPU B3au-
MOJICHCTBHH TMO3UTPOHOB C MapaMyd METAaJIOB, Ta-
KUMHM KaK OMHK U KagMmuid. [TogoOHbIe HCCiie0BaHNs
PEAKUX Ta30B TAKXKE JEMOHCTPUPYIOT, UTO UCIIONb30-
BaHUE JIOKAIBHBIX MOJCIBHBIX IMOTSHIIUATIOB MO3BO-
JIIET CYIIECTBEHHO TIOBBICUTh TOYHOCTH PACUECTOB
[5].

JlJ1s BBICOKORHEPTeTHIeCKOro auara3ona (ot 20
aB mo 1000 »B) B pabote [6] MPUMEHSIOTCSI METOMBI,
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OCHOBaHHBIE Ha ONTHYECKOM IIOTEHLIMAJE M 4Ya-
CTHYHO-BOTHOBOM aHanu3e. OHM TO3BOJISIOT MPE-
CKazaTh CEUEHUS paccesHus U O0BSICHUTD 3aKOHOMED-
HOCTH HW3MEHEHHs MOJAPU3YEMOCTH AaTOMHBIX CH-
cTeM. B gacTHOCTH, HCcCIe0BaHNS PaCCESTHUS TTO3H-
TpOHOB Ha MHEPTHHIX raszax (He, Ne, Ar, Kr, Xe, Rn)
MOKa3bIBAIOT, YTO MPOCThIE MOTEHIIMAIBHBIE MOJENN
MOTYT aJ€KBaTHO ONMCHIBATH SKCIEPUMEHTAJIBHBIE
TMAHHBIC PY HU3KUX U CPETHUX dSHEPTHsIX [7].

Pabora [8] mocesimeHa aHamu3y Pe30HAHCHBIX
3 QEKTOB U CBS3aHHBIX COCTOSHHUH, BO3HUKAIOIINX
MIPH HA3KOAHEPTETUIECKOM PACCESIHHH MO3UTPOHOB.
B wactHOCTH, M3y4eHHE paccessHHS TMO3UTPOHOB Ha
aroMax M WOHAX OCpWILIHS BBISIBIJIO KPUTHYECKHE
MUHHMYMBI B AuddepeHnanpHbIX cedeHusIX pacce-
STHASL ¥ ONTHUMAaITbHBIC 30HBI CIIMHOBOM TIOJISIPU3AIINH.

Takum 00pa3oM, HaKOIUIEHHBIE 3KCIIEPUMEH-
TaJbHBIE U TEOPETUUECKUE TaHHbIE IEMOHCTPUPYIOT,
YTO COBEPIICHCTBOBAHNE PACYETHBIX METOIOB U Pa3-
BHUTHE MOJIEJIeH TTOTEHINAIOB MO3BOJISIOT Bce Ooee
TOYHO OIHUCHIBATh MPOIIECCHI PACCESIHUS TTO3UTPOHOB.
JlanmpHeWIpe uCCleIOBaHMS B HSTOM 00NacTH HE
TONBKO yDIyOAT TOHWMaHWE (yHIaMEHTAIbHBIX
CBOMCTB aHTUMATEPUH U €€ B3aUMOJICHCTBU ¢ 00bIY-
HOM MaTepHUel, HO U OTKPOIOT HOBBIE IEPCIEKTUBBI
JUTSL TIPUKJTATHBIX 32/1a4.

Metoaoorust

OnTnyecKkuii NOTEHIMAJT

OnTuyeckuii MOTEHIMAJI, ONMMCHIBAIOIINMN B3aH-
MOJEUCTBHE MO3UTPOHA C aTOMOM, 3alHCHIBAETCS B
cnenyrouiem Buze [9]:

Vopt(r) = Vee(r) + ch (), (H

rae Vs (r) — 9To cTaruueckuii moTeHIuat mo3nuTpoH-
aToM, KOTOPEI B JaHHOH paboTe MpUHUMAET 00N
Bun [10]:

lmax

e—air
Ve (r) = z Ai—p (2)
=1

rae A;, a; u b; —napametpsl. B Tabnune 1 npuBeneHs
napaMeTpsl CTaTHYECKOIO MOTEHIMaja, UCIOJb3ye-
MEBIE B TAHHOM paboTe Ij1s1 cucTeM mo3uTpoH-H u mo-
surpoH-He.

Vep(r) mpencraBnser coGOM  momysMmmpHYe-
CKUH  KOpPEISLMOHHO-TIONAPU3ALUOHHBIA  TTOTEH-
1IMaj, BEIOpaHHBIA B GopMe, IpeACTaBICHHON B pa-
oore [9]:

g
ch(r) = _ch(r/rc)- A3)

B nmpuBeieHHOM BBIPQKEHHUH (g — 3TO TUITOIBHAS T10-
JSIpU3yeMOCTh aroMma, f.(r/1,) — byHKIHA oTceye-
HUSL, 7, — paanyc oTceueHus. J{Js MOITHOTHI KapTHHEI
YHCIEHHOE 3HAYCHUE 7, OBUIO CKOPPEKTHPOBAHO,
4yToOBl OMHUCATh UIMHY PAcCEesiHUs IO3UTPOHA Ha
aroMe, TIOJIyYeHHYIO JTHOO0 ¢ MOMOIIBIO ab initio pac-
YeToB, JHMOO SKCIICPUMEHTAIBHBIMH MeTomamu. B
JMaHHOW paboTe WCTOoNb3yeTcs (PYHKIUS OTCEUSHUs,
npegnoxxkenHas Jxuantypko u Tommnconom [11]:

fulr/m) = (1—e™/7)" 4)

Hcnons3yeMblie B naHHOW paboTe 3HAYCHUS JTH-
TIONBHON MOJAPU3YEMOCTH COCTABIAIOT Ag = 4.5 a3
ans atoma H [12] u ay = 1.38 a3 nns aroma He [13-
15]. Jlnuna paccesiHus (@) Oblila BHIYKUCICHA B TIPe-
nene k — 0 cnexyrommm odpazom [16]:

tand,
s = ——— (5

HnuHa paccesHus, ucIojb3yeMasi Uil ycTa-
HOBKHU 7, cocTaBiusier oy = —2.104 ay anga mosu-
tpoHa-H [17-19] u oy, = —0.529 a, mis mo3uTpoHa-
He [20-21], gro mpuBoaut x 17, = 0.975ay u 1, =
0.757 agy , COOTBETCTBEHHO.

Ha pucynke 1 npenctaBieHbl MOTEHIHATBI IS
B3anMozencTBuil no3utpoH-H n nozutpon-He, noiny-
YEHHBIE C MCII0JIb30BaHUEM TApaMETPOB, OIMCAHHBIX
B TOM paszenie u B Tadmure 1.

Tao6auna 1. [TapameTpsl 119 CTaTUIECKOTO MOTCHIIHAJIA C UCTIONH30BAaHUEM BhIpakeHUs (3)

H 1 1 - 2 2 - 1 0 -
He 1 0.549 0.255 2.491 3.219 5.244 1 0 0
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2r* ¥y (r) [Hal
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rlaol
Pucynok 1 — (a) [lorennmansr B3anMoaecTBUS TIO3UTPOHA C aTOMOM BOJIOpoAa Kak (pyHKIUH OT 7, SP -
Vse(r) , CP - Vop (1) , SP+CP- Vo1 (1) = Ve () + Vo (7). (b) Ananornunbiii rpaduk aist I03MTpOHA M aToMa
renus. (¢) OnTrdeckue MOTeHNHAIb B3anMoeiicTeus uts Bomopoaa (H) u remust (He).
O003Ha4YeHNUs IPUBEJCHBI HA PUCYHKE.

Metoa pazoBbix pyHKUMH

VYpaBuenue p&aunarepa mis 6e3cTUHOBON Ya- , V(r)
o 6 (k1) = ——5——=*
CTHLBI C 3Heprueil E u opOUTanbHBIM YITIOBBIM MO- k(h2/2u)
MCHTOM C KBAaHTOBBIM 4HMCIOM [, moxsepratowmeiics  x [cos(8;(k,1))j;(kr)
paccesaHno, UMECT BU _ Sin( 6[ (k, T))Th(kr)]z (7)
h* [ d? , W+1) Tpux obo3navaeTr auddepenuuposanue HazoBoro
— 5=tk — u(k,r) =
2u |dr? T2 CIBHUTa IO pacCTOsHWIO, a QyHKIus Pukkaru-lan-
=V(@r)u k1) (6) Keus mepsoro poxa csszaua ¢ jy(kr) u n;(kr) coor-

HOIICHUEM!

rne k = JE/(h?/2p). )

JuddepeHimansHoe ypaBHEHHE BTOPOTO TI0- hy(kr) = ju(kr) + m(kr) (®
psaka (6) ObuT0 MpeoOpa3oBaHO B HEOIHOPOIHOE
nuddepeHimanbHoe ypaBHeHue (ypaBHenue Kamos-
xepo (MDD)) nepsoro nopsaka tuna Pukkaru [22,
23], 3apanHoe Kak [12-15, 24-26]:

B wunTerpansHOi (Gopme NpHBEAEHHOE BBIIIE
YpaBHEHHE MOXXHO 3aIIMCATh KaK:

1 T
§(k,r) = _Tf V (")[cos(8,(k, )i (kr) — sin( &, (k, 7))m; (kr)]*dr. ©)
(0]

(23)

IIpu | = 0 (s-Bonubl) pynkunn Puxkaru-beccens u ' V(r)
. . 6ok,7) = —————

Puxkatu-Helimana j, (k) u 1y (kr) ynpouiarorcs 1o k(hz /240)

sin(kr) u —cos(kr), nosromy ypaBuenue (3) mnpu

| = 0 mpuHMMaeT clexyrouHii BU:

sin? [kr + 84(k,7)] (10)
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YpaBuenue MMO® nasis1 p-BOJHBI UMEET CICAYIOLIUN
BHL:

. V() [sin(8y + kr) — krcos(8; + kr)1?
5 () = — (2)[ (6, )k (6 )] an
T
“\
VYpaBuenne MM® a5t d-BosTHBI IMEET CIEAYIOMINN BHI:
, V(r) 8, + kr (8, + kr\1?
8,(k,7r) = ——[ sin(kr + 6,) — 3 cos (T) + 3sin (W)] (12)
*\ 2z
u
@®a30BbIl CIBUT MOYKHO HCIOIB30BATH IS onpe)lenem/m muddepenuunansHoro ceuenus (DCS):
2
do
DCS = a0 -5 Z(Zl + 1) exp(id;) sin &; P,(cos 9) (13)

PeSyﬂbTaTbl H oﬁcyme}me

B 3TOM uccnenoBaHuu MBI U3ydaeM paccesHue
MO3UTPOHOB HAa aTOMax BOJOPOJa U TeJusl, aHATHU3H-
py# dazoBblie casury u guddepeHIransHbIe CEYCHUS
paccesHus. B pacderax ucrons3oBancs Meto ¢pa3o-
BBIX (DYHKIIMH Ha OCHOBE ONTHYECKOTO MOTCHIIMAA,
KOTOPBIM BKJIFOYAET KaK CTATUYECKUH, TaK U TOJTYdIM-
MUPHYECKAN KOPPEISAINOHHO-TTOIS PH3AIIHOHHBIH
MOTEHUHANBl. Takoil MOAX0J MO3BOJSET YYUTHIBATH
Ba)KHBIC KOPPEISIIIMOHHBIC W MOJISIPU3AIMOHHBIC d(]-
(heKThI, UTparoIie KIFUEBYIO POIb IIPH HU3KOIHEP-
TETHYECKOM PACCESTHUH MTO3UTPOHOB.

®da30BbIe CIBUTH JUIA S-, P- U d-BOJIH IIPH pacce-
STHUY TIO3UTPOHA Ha BOAOPOJIE AEMOHCTPUPYIOT 3aKO-
HOMEpPHOE U3MEHEHHE C YBEIMYCHUEM dHEpruu (pu-
CyHOK 2). Hamm pe3ynbraTsl MOKa3bIBaIOT, YTO S-
BOJIHA JOCTUTAeT MAaKCUMAJIBHOTO (ha30BOTO CABHUIa
npu 3Hepruu okoio 0.5 3B, nocie yero HauMHaeTCs
MOCTENIEHHOE CHIDKeHuEe. B TO ke Bpems p-BoiHA
YBEJIMYUBACTCS TUIABHO, a d-BOJTHA U3MEHSIETCS TIPaK-
THUYECKU JMHEHHO. CpaBHEHUE HAIIUX JAAaHHBIX C
OpeAbIAYIIUMU UccaenoBanusaMu [ 17] u [27] mokassi-
BaeT XOpoIllee COoITache ¢ HamMMH pacueramu. Ha
pucyHke 3 mpejicTaBieH aHanu3 ()a30BBIX CIBHIOB
MIPU pacCEsTHUM MO3UTPOHA HA aTOMaX TeJusl.

020

& |rad)

- == feWAVE .-
p-wave T

w— =Wave

EleV]

Mpbl OOHapyKWJIM, YTO S-BOJHA IOCTHTaeT MaKCH-
MyMa TIpu Oojiee HHM3KHX JHEPrusix, HO (ha30BBIi
C/IBUT B ATOM CJydYae MEHBIIE, YeM B CIIydae BOJO-
pona. p-BOJIHA YBEIWYHMBACTCS C POCTOM SHEPrHH, a
d-BonHA COXpaHSET MOYTH JMHEHHYI0 3aBHCUMOCTD,
aHaJOTru4HO Bozopoxny. CpaBHEHHE HAIIUX pe3yJIbTa-
TOB ¢ TeopetndeckuMu nanHbME [20], [28] u [29]
MOATBEPKAAET HAACKHOCTh NPEAJIOKEHHON MeTo-
JIAKH.

Uro xacaercs auddepeHIaIbHOro CeueHus
paccesaust (DCS), 0HO 3HAYUTENTHEHO M3MEHSIETCS B
3aBUCHUMOCTH OT yIJIa paccesiHus 0 ¥ SHepruu mo3u-
TpoHa (pucyHke 4). llpu sHeprun 1 3B Habmogaercs
3aMETHOE YCHJICHUE PacCesiHUS Ha MaJIbIX yIyax Juis
MO3UTPOHOB HA TEJIHU 10 CPABHEHHIO C BOIOPOIIOM.
C yBenmM4eHueM SHEPTHH CTPYKTYpa CeUeHHsI JIIsI T10-
3UTPOHOB Ha BOJIOPOJIE CTAHOBUTCS 0OJIEE CIOKHOM,
TIOSIBJISIIOTCS. XapaKTepHble MUHUMYMEL. B cirydae re-
yust o0t yporeHb DCS Huxke, 4To 0OBSICHSIETCS
MEHBIIEH monsipu3yeMocThio aroma. Kpome Toro, B
000UX CITy4asiX NMpH yBEINYECHHU SHEPTUH MUHHUMYM
muddepeHnaILHOrO ceveHust paccessHus (3pdexT
Pam3ayspa — TayHceHnaa) cMemaeTcs B CTOPOHY Ma-
JIBIX YTJIOB PACCESIHUA.

(b)

0.l

&y [rad]

00 n..

00 02 04 0s 0s
K lag'l

Pucynok 2 — (a) ®a3oBble CABUTH S-, p- ¥ d-BOJIH NP PacCesHUM NO3UTPOHA Ha aroMe Bopopoza. (0) Cpas-
HeHHe (a30BbIX CIBUTOB PACCESIHUS AT S-BOJIH MMO3UTPOHOB HAa aTOME BOAOPO/A, IPEACTaBICHHBIX B pa3-
JTUYIHBIX paboTax: HaII pe3yasrar (myHKTHpHAs kpuBast); Ref. [17] (kpacuslii kpyr); Ref. [27]
(3eneHbIi TPEYTONBHUK).
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Pucynok 3 — (a) @a30Bble CIBUTH S-, p- U d-BOJH MIPH PaCcCESTHUN TO3UTPOHA Ha atome renud. (0) CpaBHe-
HUe (Ha30BBIX CABUTOB paccesHUsl S-BOJH MO3UTPOHOB Ha aTOMeE Teus, IPEACTAaBICHHBIX B Pa3IMYHBIX Pado-
Tax: Hall pe3ynbTar (MyHKTupHas kpusast); Ref. [28] (kpacHsiii kpyr); Ref. [20] (3eneHslit TpeyronbHUK);
Ref. [29] (xopuuHEBBIiT pOMO).

00

0.5

1.0 1.5

@ [rad)

20 25

Pucynok 4 — [luddepenunansruoe ceuenne paccesausi (DCS) st nosurpona-H (a) u nozutpona-He (b) B
3aBHCHUMOCTH OT YIVIa PACCESIHUS NPH Pa3IMUHBIX SHEPIUAX HaJeTarowmero nosurpona. O003HaueHus mpuBe-
JICHBI Ha PUCYHKE.

3aKja04eHue

B 1aHHOM HCCIICIOBAHUY MTPOBEICH aHATTN3 pac-
CesHUS MO3UTPOHOB HA aTOMax BOIOPOJA M T'elIus C
HCIIOJb30BaHUEM MeToza (a30BbIX (PYHKIUH, OCHO-
BaHHOTO Ha ONTHYECKOM moTeHImane. [lonydeHHbIe
(ha3oBbIC CIBUTHU IS S-, P- U d-BOITH IEMOHCTPUPYIOT
XapaKTepHbIe 3aKOHOMEPHOCTH U3MEHEHHSI C POCTOM
SHEPTuH, a CPaBHEHHE HAIUX PE3yJbTaTOB C JaH-
HBIMH TIPEIBIAYIIMX HCCICAOBAHUN TMOATBEPIKAACT
HX IOCTOBEPHOCTD.

Taroke H3yd4eHO H3MEHeHHe audQepeHIuaIb-
HOTO CCUCHHUS PACCESHUS B 3aBUCHMOCTH OT yIjia W
SHEPTUU MO3UTPOHA. YCTAHOBICHO, YTO TPU HU3KUX
SHEPTUAX PACCESIHWE HA TEIUH PENMYIIECTBEHHO
MPOSIBIISICTCS. HA MAJBIX YIJIaX, TOT/A Kak JUis BOJO-
pona CTPYKTypa CeUeHHs YCIOKHSCTCS C yBeJIHue-
HHEM DHEPTHUH, TPOSBIISIS XapaKTepHbIE MHHUMYMEI.
B 00oux ciyuasx 3apuxcuposat 3¢dext Pamzayspa

— TayHceHa, 4TO CBUJETENIBCTBYET O 3HAYUTEIbHOM
BIIMSIHUM  KOPPEJSIIIMOHHO-TIONSAPU3AIUOHHBIX  3(-
(eKTOB Ha IPOLIECCHI PACCESHUSL.

[ony4eHHble pe3yabTaTbl MONTBEPKIAIOT 3(-
(EKTHBHOCTH TMPEJIOKEHHOH METOJUKH M MOTYT
OBITH MCIONB30BaHbl JUIA JAJbHEHUIIEr0 YTOUHEHHS
TEOPETUYECKUX MOJEIEH B3aUMOJECHCTBHS IO3UTPO-
HOB C aroMaMu. Takxe pe3ylbTaTbl MOTYT OBITH HC-
MOJIb30BaHbl AJIsl onpeeneHnss GyHKUMHU pacriperne-
JIEHWs] TIO3UTPOHOB B PA3IWYHBIX YCTPOMCTBaxX, B
YAaCTHOCTH TOKAMakKaX, C y4E€TOM HMX pacCcesHus Ha
aToMax.

Bbaaroxapuocts
PaGora Obua BeionHeHa B pamkax [panta Ne

AP19679536 MunucrepcTBa HayKH M BbICIIETO 00-
pasoBanus Pecryonuku Kazaxcras.
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BIMAHWNE NOBEPXHOCTHO-AKTUBHbIX BELLLECTB B PACTBOPE POCTA HA MOP®O/10TMIO
CTPYKTYP OKCUAOA LIMHKA

[loBEpPXHOCTHO-aKTMBHbIE BELLECTBA UTPAKOT BaXKHYHO MPW CUHTE3€e NOaYyNPOBOAHUKOBLIX MaTepUanos. Xa-
paKTep POCTa U KPUCTANN0B MOXKET BblTb U3MEHEH NYTEM CENEKTUBHON aacopbLmMm NOBEPXHOCTHO-aKTUBHbIX
BELLECTB Ha MOBEPXHOCTM KPWUCTANN0B, YTO NO3BOASET YNPaBAaTb X GopMol. Mcnonb3ysa NOBEPXHOCTHO-aK-
TUBHbIE BELLEeCTBA M KOHTPOJIMPYA KOHUEHTPALMIO MOBEPXHOCTHO-aKTMBHOIO BeLLeCTBa B pacTBOpe pPoOCTa,
ObIIN CUHTE3NPOBAHbI HAHOCTPYKTYPLI ZNO pasanYyHon Mopdoaorum rmapoTepmMasibHbiIM METOAOM NPU TEM-
nepatype 95°C. MiccnenosaHo BanaHne npucytcrema MNAB B pacTBope pocTa Ha Mopdoaorunio cTpyktyp ZnO. B
pesy/bTaTe Ucc/ieoBaHni Oblna NosiydeHa Koppenauma Mexay pasmepom Yactul, ZnO n KoHueHTpaumen MAB
B pacTBOpe pocTa. M306parkeHnsa CKaHNPYIOLLEN 31EKTPOHHON MUKPOCKOMNMM NMOKa3aam, 4To MopdONOrns OK-
CWAa UMHKA M3MEHWNACh CO CTEPIKHEBMAHON Ha MNAEHOYHYIO Npu A06aBAEHUN KOHLUEeHTpauumn 5 Bec.% u 10
Bec.% npu MAB. Pe3ynbTaTbl aHaiM3a PEHTIEHOBCKOM AMPPAKLMOHHOW cnekTpockonuu (XRD) yKasanu Ha
Hanuume $hasbl OKCMAA LiMHKA BO BCcex 0bpasLax. YCTaHOBAEHO, YTO AMAaMETP HaHOCTEPKHEN YBEINYMBABTCS C
yBenn4eHmem KoHueHTpaumm MNAB. N3yyaeTca cnctemaTMyYecknin MexaHM3m pocTa C YBeNIMYEHMEM KOHLIEHTPa-
L MAB. MonyyYeHHble pe3ybTaTbl MOMOTYT B BblpallMBaHUM cenekTneHoro ZnO Ana MHOrmMxX GyHKUMOHa b-
HbIX MPUMEHEHWI. BbipalleHHble 06pasLbl MOryT H6bITb MCMNOMb30BaHbl B KA4YECTBE NPO3PaYHbIX NPOBOAALLNX
3NeKTPOoA0B M GOTOKATaIM3aTOPOB. @ TAKKE B KAYECTBE OCHOBbLI FAa30BbIX AATYNMKOB U SNEKTPOXMMUYECKUX CEH-
COpOB.

Kntouesble C/10Ba: OKCU/ UMHKA, HAHOCTEPMKHW, TOHKME NAEHKK, TMAPOTEPMA/bHbINA CUHTE3, MOPdOorMA,
NOBEPXHOCTHO-aKTMBHbIE BELLLECTBa.
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19n-Papabu aTbiHAafFbl Kasak YATTbIK YHUBEPCUTETI, ALbIK TYPAEri YATTbIK HAHOTEXHONOMMANbIK, 3epTXaHach,
Anmartbl K., KasakcTtaH
2Institute of Applied Science & Information Technology, Anmartsl K., KasakcTaH
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*e-mail: l.gritsenko@satbayev.university

Ocy epiTiHAaiciHaeri 6eTTik-bencenaj 3aTTapAblH, MbIPbILL OKCUA[ KYPbINbiIMAAPbIHbIH, MOPGONOrUACBIHA
acepi

beTtTik-6enceHai 3aTTap KapTblnal eTKi3riW maTepuangapibl CUHTE3[ey Ke3iHAe MaHbi3abl pen
aTKkapadbl. KpucTtangapablH, ecy cunatbl OeTTik-benceHai 3atTapAplH, KpucTanaap OeTiHAe CenekTusTi
aacopbumanaHybl apKbliabl ©3repTinyi MyMKiH, byn onapablH NiWiHiH 6ackapyfa MyMKiHAK 6epeni. beTTik-
benceHai 3aTTapdbl KOMAAHY *KaHe ecy epiTiHaiciHaeri 6eTTik-6enceHAai 3aTTapblH KOHLEHTPaUMACHIH
Hakblnay apKplabl mopdoaormacel apTypai ZnO HaHOKypbiabimaapbl 95°C TemnepaTtypada ruapoTepmanb
aaicneH cuHTesaenni. ©cy epiTiHaiciHaeri Bb3-abiH ZnO  KypblabiIMAapbliHbIiH, MOpPdOAOTnACbIHA acepi
3epTrenai. 3eptTeynep HaTtuKeciHae ZnO  OesleKTepiHiH, enwemi MeH ecy epiTiHgiciHaeri BB3
KOHLLEHTPaUMACHl apacbiHAafbl Koppenauma anbiHAbl. CKaHepaeyuwi 31eKTPOHAbl MUKPOCKONMA KecKiHaepi
MbIpbILW OKcUAiHIH Mopdonorusacel BB3 5 canm.% kaHe 10 canm.% KOHLEHTPAUMACBIH KOCKAHAA CTEP!KEHb
Topi3Ai MilWiHHEeH NeHKa Topi3Ai niwiHre e3repreHiH KepceTTi. PeHTreHAik AndPaKkUMAbIK CNEKTPOCKONUS
(XRD) TanaayblHbIH HaTUxKenepi GapnblK yArinepae Mbipblll OKcuAi dasacbiHblH 6ap eKeHiH KepceTTi.
HaHocTepxeHaepdiH AnameTtpi B3 KOHUEHTPaAUMACBIHbIH, OfapblaaybiIMeH apTaTblHbl aHbIKTangbl. Bb3

84


https://doi.org/10.26577/RCPh20259219
mailto:l.gritsenko@satbayev.university
mailto:l.gritsenko@satbayev.university
https://orcid.org/0000-0001-7683-830X
https://orcid.org/0000-0003-0726-1118
https://orcid.org/0000-0002-2729-2272
https://orcid.org/0000-0002-0657-422X

.K. Kankososa u ap.

KOHUEHTPALMACBIHbIH, *KOFapblaybIMeH KyMeni ecy mexaHU3Mi 3epTrenyae. ANbiHFaH HITUXKeNep KentereH
byHKUMOHaNAbl KONAaHbICTap YiWiH cenektnsTi ZnO ecipyre kemeKteceqi. ©cipinreH yarinep mengip eTkisriw
3/1eKTPOATAp »KaHe QoToKaTanM3aTopaap peTiHAe, COHAAM-aK ras AaTYMKTEPi MEH 3SNEKTPOXMMUABIK,
CEHCOoPANApPAbIH Heri3i peTiHae KON4aHbIAYbl MYMKIH.

TyiH ce3mep: MbIpbIW OKCUAI, HaHOCTepXKeHaep,
mopdonorus, beTTik-benceHai 3atrap.
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Effect of surfactants in the growth solution on the morphology of zinc oxide structures

Surfactants play an important role in the synthesis of semiconductor materials. The growth and crystal
behavior can be modified by selective adsorption of surfactants on the crystal surface, which allows controlling
their shape. Using surfactants and controlling the surfactant concentration in the growth solution, ZnO
nanostructures of various morphologies were synthesized by the hydrothermal method at 95°C. The effect of
the surfactant presence in the growth solution on the morphology of the ZnO structures was studied. As a
result of the study, a correlation was obtained between the ZnO particle size and the surfactant concentration
in the growth solution. Scanning electron microscopy images showed that the morphology of zinc oxide
changed from rod-shaped to film-shaped upon adding 5 wt% and 10 wt% surfactant. X-ray diffraction (XRD)
spectroscopy results indicated the presence of zinc oxide phase in all samples. It is found that the diameter of
nanorods increases with increasing surfactant concentration. The systematic growth mechanism with increas-
ing surfactant concentration is studied. The obtained results will help in growing selective ZnO for many func-
tional applications. The grown samples can be used as transparent conducting electrodes and photocatalysts,

as well as the basis for gas sensors and electrochemical sensors.
Keywords: zinc oxide, nanorods, thin films, hydrothermal synthesis, morphology, surfactants.

Beenenue

B nocnennue necsatueTus He ociadeBaeT HHTE-
pec mccieaoBaTeneil K MeToJjaM CHHTE3a, MOCIepo-
CTOBBIM 00pabOTKaM M XapaKTEPUCTHKAM MacCHBOB
HaHOCTep)KHel okcua uHKa [1-4]. [IpoBoasTes ak-
THUBHBIE UCCIIEIOBAHUS 110 KOHTPOJIIO U MaHUITYJIHPO-
BaHUIO CBOWCTBaMU HAaHOCTPYKTyp ZnO, durto mpen-
CTaBJISIET MHTEpEC Kak A QyHIaMEHTaIbHOTO H3Y-
YeHUs, TaK W JIIS TOTEHIUAIBLHOTO MPHUMEHEHHUSI.
Hanoctpyktypsl ZnO mpuBiIeKkaOT NIMPOKOE BHUMA-
HHE UccieloBaTeNiel BBUAY X YHUKAJIBHBIX CBOHCTB
U MIMPOKOMY TOTEHLUATY IPUMEHEHHUS B COBPEMEH-
HBIX 3JICKTPOHHBIX YCTPOWCTBAX, TAKUX KAaK ra30BbIC
ceHcopsl [5-7], cynepkonnercatopsi [8-10], conneu-
Hble 371eMeHTHI [11, 12], a1ekTpoXuMuuecKkue 1 onTo-
BOJIOKOHHBIE OnoceHcopsl [13-17], B kauecTBe mpe-
obpasoBaresei, kaTanuzatopoB u ap. [18-20]. Kon-
TPOJNMPYEMBI CHHTE3 TPHUBJIEKAECT 3HAUYUTEIHHOE
BHUMaHue Onarogapsi BO3MOXXHOCTH YIIPaBJATh (u-
3MYECKHMH U XUMUYECKHMH CBOWCTBAMU ITONYITPO-
BOJIHUKOBBIX HAHOMATEPHUAIOB, KOTOPBIE OINpenens-
IOTCSl UX CTPYKTYPHBIMH CBOWCTBaMHU W MOpQoJIo-
rueii [21-23]. Takum 00pa3oM, yIIpaBIsIeMblii CHHTES

HaHOCTPYKTYPHUPOBAHHOTO OKCHIA LIMHKA SIBJISETCS
aKTyalbHBIM HaNpaBJIEHMEM UCCIIEIOBAHUH B COBpE-
MEHHOH (hH3MKE MaTepUaIoB.

Oxkcup IIMHKA SBISETCS MIMPOKO30HHBIM (3.37
3B) MHOTOQYHKIMOHATBHBIX TOIYIPOBOTHIKOM,
oOnajaromuii OOJIBIION dHEPruei CBSI3U HKCUTOHA
(60 M3B), oTIMUHAsS XUMHUYECKas M TEPMHUYECKas CTa-
OWIIbHOCTD, YHUKAQJIBHBIE 3JCKTPUUECKHE U OITO-
JJIEKTPOHHBIE CBOWCTBA, OTIMYHBIA aHTHOAKTEpH-
anbHBIN 3¢ GexT, ancopoent Y O-u3nyueHus, a Takxe
HETOKCUYHOCTh. YIPaBJICHUE MMapaMeTpaMH CHHTE3a
MO3BOJISIET BBIPAIINBATE CTPYKTYPHI ZnO pa3nudHon
Mopdosoruu: HaHONPOBOJIOKU [24], HaHOCTEpKHM
[1], nanomentsr [25, 26], nanomucku [27], chepsr
[28], usetst [29] u ap. Hanoctpykrypsl ZnO mosy-
YarT Pa3IMYHBIMHA METOJIAMH, TAKMMH KaK 30J1b-TeJIb
meron [6, 30], rupporepmanbhblil Meton [4, 9], Muk-
POBOJIHOBBIM CHHTE3, COJbBOTEPMAIBHBI METO[
[11], CVD, MOCVD, nazepHas abisuus, TepMHUE-
ckoe paznoxenue [31], chemical bath deposition [1]
u 1ap. OgHaKO TMOUCKH ONTHUMAJBHBIX MapaMeTpoB
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BavAaHMe noBepXHOCTHO-aKTMBHbIX BELLECTB B paCTBOPE POCTa Ha MOpd)O}'IOI'I/IIO CTPYKTYpP OKCMAa UMHKa

YIOPaBISIEMOTO CHHTE3a HAHOCTPYKTYP MPOAOJIKA-
forcs. B paborax [21, 30, 32] orMeueHo, 4TO aHHOH-
HbIE, KATUOHHBIC 1 HEMOHHBIE IOBEPXHOCTHO-AKTUB-
Heie BemecTBa (IIAB) Moryt OBITH HCIOJB30BaHBI
JUTS yIIpaBIIeHUsT MOp(oornel CHHTE3NPYEMBIX TI0-
JYMIPOBOAHUKOBEIX MaTepuanoB. OHH OOBIYHO WC-
MOJIL3YIOTCS JUISl yIpaBiieHus: popMoi U pazMepom
KpUCTaJlIa C LENbI0 CUHTE3a BBICOKOKAYECTBEHHBIX
MarepuanoB. OcHoBHas poib ITAB 3akmiouaercs B
W3MEHEHUN MOPQOJIOTHH MATEPHAIIOB ITOCPEICTBOM
CalT-CeNICKTHBHON aJcopOIMM Ha OMNpeaeIEHHOM
y4acTKe MaTepuaioB BO Bpems mporiecca pocta [33,
34]. Pa3nuuHble OPraHUYECKHE MMOBEPXHOCTHO-aK-
THBHBIE BEIECTBAa YCIEIIHO HCIIOJIb30BaINCh MHO-
TUMHU HCCIIEOBaTeNsIMU Il oOecIieueHus] Halpas-
JIEHHOTO pocTa HaHomarepuanoB ZnO Oonee kemna-
TenapHO. OHaKo Be€ emé ocTaéTcsi MHOTO HepelleH-
HBIX BOMNPOCOB O BIUSHUU Pa3IWYHBIX IOBEPX-
HOCTHO-aKTHBHBIX BellecTB Ha pocT ZnO.

B nannoit pabote crpykTyps ZnO ObLTH TOTY-
YEHBI TUAPOTEPMAIBHBIM CUHTE30M M3 BOJTHOTO pac-
TBOpa C UCIOJIb30BAHUEM IMOBEPXHOCTHO-aKTUBHBIX
BemiecTB. V3y4eHbl X MOPQOIOTHS, CTPYKTypHBIE U
onTuyeckue cBoiicTBa. MccnemoBano BIHUSIHHUE KOH-
uentparuu [IAB Ha cBoiiCTBa OMTy4YEeHHBIX MaTepU-
aJoB. AHAIIN3 MOIYYEHHBIX MaTEPUAIIOB OBLT MPOBE-
JEH METOJIOM CKAHMPYIOUIEH 3JIEKTPOHHOW MMKPO-
ckommuu (COM), peHTreHOBcKoW mudpaxium, Y O-
BUJIUMOM CHEKTPOCKOIHEH.

Onucanmne IKCIIEPUMEHTA

MeTo10M 3071b-Te€Ib HA KPEMHHUEBBIX U CTEKIISIH-
HBIX TOJJIOKKAX ObLI MOJYYCH 3aTPABOYHBIA CIIOW
OKcHJa NMHKA. I MOATOTOBKH 307151 MCTIONB30Ba-
nack 0.4 r anerata HMHKA, pacTBOpEHHOro B 10 M
cnupta. Ha npenBapuTensHO OUMIIIEHHBIE TOATI0XKKH
METOZIOM TeHTpU(YTHpOBaHUS ObUT HAHECEH 30Ib,
IIPY 3TOM IPOIeCC HUEHTPU(YTUPOBAHUS IPOBOAMIICS
npu obopotax 2000 06/MuH, 4TO 0OEcTIeUnBaIO paB-
HOMEpPHOE paclipe/iefiecHHe 30111 1O MOBEPXHOCTH
o UToKKH. [locnie HaHeceHUs 30151 MOJUIOKKH IO
BEPraJIuCh TEPMUUYECKOMY OTXKUTY NPH TEMIIEpaType
450°C B TedeHue OAHOTO 4aca sl (OPMHPOBAHUS
3aTpaBoyHOro ciog. Ha 3arpaBouyHBIX ciosix ObUT
NpoBenEH CHHTE3 HAHOCTEP)KHEH OKCHAa LUHKa
(Zn0O) ruaporepmanbHBIM MeTOJOM. /1151 3TOTO OBLTH
MPUTOTOBJICHBI JIBA BOJHBIX PacTBOpa: pacTBOP HHUT-
para 1maka Zn(NOs)2-6H,O (Sigma-Aldrich, 99%
purity) u pactBop yporponmHa CeHi2Ns4 (Sigma-
Aldrich, 99% purity) B coorromennu 1:1. Kaxmaprit
pacTBOp Mmomeniaics Ha MarHUTHYIO MEIIANKY U Iie-
pememuBaics B TeueHre 30 MUHYT 171 oOecTiedeHust
TTOJTHON TOMOTCHM3AITH. 3aTeM 00a pacTBopa ObLTH
00BEIMHEHBI, U B MOJIYYEHHYIO CMECh OBLIO T00aB-
JICHO TOBEpXHOCTHO-akTHUBHOE BemecTBo (IIAB). B
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kauecTBe [IAB ObuT MCTIONB30BaH JTOICIIMIIBCYITB(DAT
uatpust (C12H2sNaO4S, Sigma-Aldrich), koropsrit go-
0aBIsICS B POCTOBBIN PacTBOP B PA3IUYHBIX BECO-
BBIX MpoIrieHTax. [ obecnedeHus moyHoM aucIep-
CUH TIOJITOTOBJICHHBIN pacTBOp TepeMElInBaicCsS Ha
MarHUTHOM MeIajke emé moidaca. 3arem oOpasIibl ¢
3aTPaBOYHBIM CJIOEM TOMEIIATUCh BEPTUKAIHHO B
POCTOBBIN PAacTBOP U MOABEPTaIUCh CUHTE3Y Ha BO-
nsHOM OaHe mpu Temmeparype 95°C B Tedenme on-
Horo 4aca. [locrme cuHTe3a 00pa3lbl MOJABEPraIuCh
00paboTKe B yJIIbTPa3ByKOBOW BaHHE B TeueHHe 20
MUHYT JUIS yIQJICHHsI IPUMECEH U CTPYKTYp, chop-
MHPOBaB-IIHXCS B 00bEMe. ['0TOBBIE 00pa3IThl 3aTEM
ObUTM BBICYIICHBI B CYIIMJIBHOM IIKaQy MpH TeMIIe-
patype 100°C.

Jlns uccnenoBaHuss MOPQOIOTHU CHHTE3HPO-
BaHHBIX O0pa3lOB ObUT MCIIOJIB30BaH 3JICKTPOHHBIN
pactpoBeiii  mMukpockorn (JEOL, JSM-6490 LA).
PeHTreHOCTpYKTYpHBII aHaau3 MOJIYYCHHBIX Mate-
puaioB ObUT BeITIONHEH Ha audpakromerpe PANalit-
ical X’pert MPD PRO. Y ®-Bunumasi CieKTpOCKOITHSI
Oosta mpoBeneHa Ha UV/Vis crekrpodoTtomerpe
(PerkinElmer Lambda 35).

OO0cy:k1eHHe MOJyYeHHBIX pPe3yJbTaTOB

N3zyuenne Mop(hooruy BceX CUHTE3UPOBAHHBIX
00pa3LoB METOAOM JIEKTPOHHOM MHUKPOCKOIIHMH TO-
Ka3aJlo, YTO OKCHJ IWHKa MpPU THIPOTEPMAIHLHOM
CHUHTE3€ PACTET B BUJEC HAHOCTEPXKHEH JUIMHOW IIO-
psiiKa HECKOJIBKUX MHKPOMETPOB, JHAMETPOM IIO-
pSAAKa HECKOJIBKO JECSITKOB HAHOMETPOB (PUCYHOK
1). Kak BuIHO, CTEP)KHHU CMBIKAIOTCSI, 00pa3ysi 0JIHO-
POAHYIO IJIEHKY.

OpauMm  BecbMa  A(QQEKTHBHBIM  METOAOM
yrpaBieHHss MOPQOIOTHEH CUHTE3UPYEMBIX THAPO-
TE€pPMaJIbHBIM METOJIOM IOJYINPOBOJHUKOBBIX HAHO-
CTPYKTYp OKCHJa LIMHKA SIBJIETCS 10OaBJIEHUE B PO-
CTOBBIN PAacTBOP MOBEPXHOCTHO-aKTUBHBIX BEIIECTB
(TIAB) [21, 30, 32-35].

B kauectBe ITAB B 1anHOM HCcllef0OBaHUU OBLIT
WCTIOJIb30BaH JOACTICYTb(at HATpUs
C12H2sNa0.,S.

PactBop c BbICOKOHN KOHIEHTpamued 50 MM
OOBIYHO OBLT UCTIONB30BaH VIS MONTYyYEHHs IUIEHOK
ZnO. bBpuUIO OTMEYEHO, 4YTO Jake HeOOJbIIOE
konmuecTBO [IAB, mo0GaBieHHOrO B pOCTOBBIN
pactBop 300 MM, 3HAYUTEITBHO MEHSET MOP(OIOTHIO
CHUHTE3UPYEMBIX CTPYKTYP.

Ha puc. 2 mnokazana Mopdomorus IUIEHKH,
BBIPAllIECHHOM W3 pacTBOpa C KOHLEHTpauueill 1o
HuTpaty nuHka 0.3 M, B Teuenue 1 gaca npu 95°C, ¢
nobasnenneM 1 Bec. % I[TAB. U3 pucyHka BUIHO, 4TO
MOpGOJIOTHsl TOBEPXHOCTH COCTOUT W3 MHPAMUA
BMECTO IIECTUTPAHHHUKOB.
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Pucynoxk 1 — SEM cnos ZnO, noxy4eHHOTO PpU CHHTE3e U3 pacTBopa S0 MM, mmurensHOCTH | 9ac;
a — BUa CBepXy, b — B cOOKY

3aMeTuM, YTO TMoJlyueHue HaHoTekcTyp ZnO B
¢dbopMe TpEyrojabHbIX NHPAMUZ aKTyaJbHO JUIS
MIPUMEHEHHUS B COJHEYHBIX 3JI€MEHTaX, MOCKOJIbKY
KO3 (QUIIMEHT HKCIIOJIb30BaHUS CBETa B TaKHX
CTPYKTYpax BbIIIE 33 CUET MEPENOIJIONICHUs CBETa,
OTPaKEHHOTO OT HAKJIOHHBIX IUIOCKOCTEH IMHpamMuI.
Beuto orMeueHo, 4To Jaxke HEOONBIIOE KOJTHYECTBO
[TAB, nob6aBneHHOTO B pocToBBIN pacTBOp 50 MM,

3HAYUTEIFHO MEHSET MOPQOIOTHIO CUHTE3UPYEMBIX
cTpykTyp. Ha pucynke 2 mokazana mopdomorus
MJIEHKH, BBIPAILIEHHON U3 pacTBOpa C KOHLIEHTpaluei
mo HuTpary nuHka S0mM, B Tedyenuwe 1 uaca mpu
95°C, ¢ mobasnenuem 1 Bec. % ITAB.

W3 pucynka BuaHO, YTO  Mopdosorus
MOBEPXHOCTH  COCTOMT M3 THPaMHJ BMECTO
LIECTUTPAHHUKOB.

,,

Pucynok 2 — SEM mnéuku ZnO, noiay4eHHON pHu cuHTe3e U3 pactBopa S0 MM npu 1o6aBIeHUN
5 Bec.% [TAB, mnurensHOCTH cuHTe3a 1 4yac; a — BUII CBEpXY, b — Bux cOOKy

Kak mokazanm pe3ynbTaTel CKaHUPYIOIIEH
3JIEKTPOHHON MHUKpOCKOIUH, U3 pacTBopa 50 MM 3a
BpeMs 1 "ac GpopMHPYIOTCS CTEPXKHU ANAMETPOM B
cpendeM 90 HM U JUIMHOHN Topsaka 2.5 W (PUCYHOK

1). AHanornunele McciaeqoBaHUs ObUIH MPOBEICHBI
npu no00aBJICHUN pa3NuYHbIX KoHueHTpanuii [IAB B
POCTOBBIH pacTBOp, coxepkamuii 15MM 06a30BBIX
KOMIIOHEHTOB pacTBopa (pUCYHKH 4, 5).

87



BavAaHMe noBepXHOCTHO-aKTMBHbIX BELLECTB B paCTBOPE POCTa Ha MOpd)O}'IOI'l/IIO CTPYKTYpP OKCMAa UMHKa

a

‘.

Pucynok 3 — SEM mnénku ZnO, momydeHHON Tpy cuHTEe3e u3 pactBopa S0 MM mpu nobaBneHun
10 Bec.% ITAB, muTensHOCTH CHHTE3a | Yac; a — BU CBEpXY, b — B COOKY

Pucynok 4 — SEM mnénku ZnO, nonydeHHON pH cuHTe3e U3 pacTBopa 15SMM npu nobasieHnH
5 Bec.% ITAB, piutenbHOCTH CHHTE3a | vac; & — B cBepXy, b — Bu cOoky

Ho6Gasnenne IIAB xapauHambHO W3MEHSET
MEXaHU3M pOcTa HaHOCcTepxkHeH ZnO, Kak MoKa3aHO
Ha pHUCyHKax 2-5. BuaHo, 4TO BMECTO MaccuBa
HaHOCTep)KHEH (popmupyeTcs MIEHKA C pa3MepaMu
OTACNBHBIX IIECTUIPAHHUKOB oOKojao 200 HM.
Mopdonoruss TOBEpXHOCTH TIEHOK, COCTaBJICHHAS
W3 THpPaMHU BMECTO IIIECTUTPAHHUKOB BEChMa
HEeOOBIYHA TUTST IUIEHOK, MOJTYYEHHBIX
TUAPOTEPMAJIbHBIM CHUHTE30M, TaK Kak IUIEHKU
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MOYYal0TCs MyTEM pa3pacTaHus BUIUPh U CMBIKAHUS
HIECTUTPaHHBIX  cTepkHed. CTepKHH, B CBOIO
ouepe/ib, pacTyT BJIOJTb HaTpaBIICHUS
npenmymectBeHHoro pocta (002) okcnga nWHKA.
N3menenne Mop¢oJOruy MONyYEHHBIX IUIEHOK IO
CPaBHEHHMIO C TUIEHKaMH, MMOJTYyYaeMbIMU B OOBIYHOM
THAPOTEPMATIBHOM CHHTE3€, CBHICTEIBCTBYET, YTO
HeOonmpne no0aBku I[IAB mnpuBomsaT Kk cMeHe
HanpaBJICHUsI TPEUMYIIECTBEHHOTO POCTA.
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Pucynok 5 — SEM mnénku ZnO, momydeHHON py CHHTE3e U3 pacTBopa 15SMM npu mo6aBieHUN
10 Bec.% ITAB, muTensHOCTh CHHTE3a | Yac; a — BU CBEpXY, b — B COOKY

[HosTomy Obun MIPOBEICHBI
pertrencTpykTypable  (XRD) wm3mepenus. Bce
paccMmarpuBaeMble 00pas3ibl OBLIM HUCCIICAOBaHBI
METOJIOM PEHTIeHOCTPYKTypHOro ananusa (XRD)
mpu  oauHaKoBBIX ycioBusX. [lo manaeiM XRD
TUPPaKIIUOHHBIE TUKH, pactioiioxeHHbIe mpu 31,76°,
34,42°, 36,25°, 47,53°, 56,59°, 67,94° u 69,08°,
WHIEKCUPOBAHbl ~ KaK  TIeKcaroHajbHble  (ha3bl
piopuura ZnO (JCPDS Ne 01-075-9742). XRD
pe3yabTaThl s obpasua ZnO, MOJydeHHOro MpU
cuHTe3e u3 pactBopa SOMM mpu mobaBnennu 10
Bec.%. IIAB mnpuBeneHsl Ha pucynke 6. s
CpaBHEHHS NOKa3aH TaKxKe obpazen
MOJMKPUCTAIITUIECKOTO TOpOIIKoBoro ZnO.
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Pucynok 6 — XRD pesynbraTs! 11 o6pasua ZnO,
MTOJIYYCHHOTO TIPU CHHTE3e U3 pacTBopa 50 MM mpu
nob6asnenuu 10 Bec.%. IIAB

BuaHo, 9yTO B OTAMYHME OT OOBIYHOIO CiIyyasi C
npeobnaganneM pedexca (002), koTopslii Bcerma
Habronaercs B oOpasuax, BBIpAIICHHBIX
THAPOTEPMAJIbHBIM METOJOM, B JaHHOM Cllydyae
npeobnanaer peduexc (101), a pednexc (002) mourn
OTCYTCTBYET. /[l BBISICHEHHS TPUYMH TaKOTO
nevicteuss [IAB  Ha wu3MeHeHWe HampaBlIeHUS
NPEUMYIIECTBEHHOTO POCTa M TOJYYECHHUS TOJICTBIX
TIEHOK, pacTymuX B HanpasneHuu (101), pedyrorcs
JaJIbHEHIIe UCCIIeIOBaHUs.

Ha pucynke 7  m0OpuBeIeHbl  CHEKTpPHI
npornyckanus 3Tux iéHok ZnO 6e3 [1AB, a Takxe ¢
5 Bec.%. I1AB u 10 Bec.%. [TAB.
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S
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300 400 500 600 700 800
Wavelength (nm)

Pucynok 7 — Crnextpsl nponyckanus mi€Hok ZnO
Ha CTEKJISIHHBIX I10JUI0KKAaX, BBIPAILLICHHBIE B
pactBope ¢ kKoHtenTpanueit 50 MM: 1 - 6e3 [TAB, 2
- 5Bec.%. IIAB, 3 - 10 Bec.%. ITAB
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[Nomyuennsle mnénkn ZnO Ha CTEKISHHBIX
MOJUIOKKAX,  BBIPALLCHHBIE B  pacrBope C
KoHIeHTparern 50 MM, HMET  BBICOKYIO
MPO3pavyHOCTh U OAHOPOAHOCTh. Ha cnekTpax BuaHa
UHTEpQEPEHLIMOHHAsT KapTHHA, 4YTO TOBOPHUT O
BBICOKOUW OJIHOPOJIHOCTH TUIEHOK, ITPU 3TOM CPEAHUIN
KO3 PHULMEHT NpOIycKaHUs B BUAMMOW OOJIACTH
nocturaet ~90 %.

3akiaouenue

HanoctpykrypupoBanusie 06pasiel ZnO ObLTH
CHUHTE3UPOBAHbI 3KOHOMHUYHBIM THIPOTEPMATHHBIM
MeTonoM. U3yueHbl MOp(ONOTHs, CTPYKTypHBIC H
ONTHYECKUE CBOMCTBA TIOJNYYEHHBIX 0OpA3IIOB.
PesynpTaThl  MCCIENOBaHUS  CHHTE3HMPOBAHHBIX
0o0pa3IoB METOJOM IOKa3aJid, 4YTO J00aBJICHUC
OPraHuvYCCKUX MOBEPXHOCTHO-AKTHBHBLIX BCIICCTB B
pacTBOp U1 POCTa TMO3BOJSIET BIMATH  HA
MOpPOJOTHYECKHE W CTPYKTYpHBIE  CBOWCTBA
Matepuainos. Jlooaeienue [TAB (momernwmicynbdar

HaTpHsl) B POCTOBBIA PAacCTBOP BBI3BIBAET CHJIBHOE
W3MEHEHUE HE TOJBKO MOP(OJIOrHH IMJIEHOK, HO M
HaHOCTEP)KHEH.  3aMeueHo, 4YTO  yBEJIMYEHHE
conepxxanus [IAB B pactBOope pocta Bieuér
YBEJIMYECHHE MTONIEPETHOTO pa3Mepa HAHOCTEPXKHEH ¢
OIIHOBPEMEHHBIM YMEHBIICHHEM WX IJIMHBI. TakuM
o0Opa3oMm, pa3pabOTaHbl METOABl YIPABIAECMOTO
W3MEHEHUS! MOP(OJIOTHH CHHTE3UPYEMBIX MJIEHOK H
MacCHBOB HaHocTepskHe ZNO myTéM W3MEHEHHS
coCTaBa pPOCTOBOI'O pacTBOpa MpH A00aBICHUH
MOBEPXHOCTHO-aKTUBHBIX BemiecTB. [lomyueHHble
o0pa3upl OKCHIA LHMHKA IIEPCIEKTUBHBI IS
MIPUMEHEHUS B Ka4eCTBE OCHOBBI ONTOIEKTPOHHBIX
YCTPOKMCTB, ANEKTPOXUMHUUECKUX OMOCCHCOPOB H B
JIPYTUX TMPUITOKESHUAX.

BaaropapHocTs
Pabora Opia BeIMONTHEHA B pamkax ['panta Ne

AP23488569 MunncTtepcTBa HAyKH U BBICIIETO
oOpa3zoBanus Pecriyonuku KazaxcraH.
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IRRADIATION EXPERIMENTS WITH Li,TiOs/LiaSiO4 TWO-PHASE
LITHIUM CERAMICS AT THE WWR-K REACTOR

Advanced two-phase lithium ceramics Li,TiOs-LisSiO4 are considered as a potential candidate for use in
solid-state fusion reactor blankets. This phase composition makes it possible to combine the high lithium
content in orthosilicate LisSiO4 with the mechanical strength of lithium metatitanate Li;TiOs.

The study of the effect of neutron irradiation on two-phase lithium ceramics, as well as the correlation
with its structural and physical properties, remains quite relevant, taking into account the technological
diversity in the manufacture of the ceramics themselves and ceramic pebbles. This paper presents the results
of an experiment on reactor irradiation of two-phase ceramics 25mol% Li,TiOs + 75mol% LisSiO4 obtained on
the KALOS installation (KArlsruhe Lithium OrthoSilicate) using a modified melt-spraying technique. Neutron
irradiation was carried out at the WWR-K research reactor (Almaty, Kazakhstan) for 21 days at a sample
temperature of 50 °C. The accumulated fluence for thermal neutrons was 3.7-10%° n/cm?. The nuclear reaction
rate was 2.16-10%reactions/cm?s; the damage rate was 7.63-10® dpa/s, the damage during the irradiation
period was 0.14 dpa.

Keywords: two-phase lithium ceramics, neutron irradiation, tritium, tritium release.

C.K. Ockepbekos?, A.Y. ToneHosa®’, E.B. Ynxpai?, 9.A. LLalmepaeHos?,
A.M. AxaHos?, [1.C. CalpaHbaes?!
1Anponblk GuU3MKa MHCTUTYTbI, ANMaThI K., KasakcTaH
29n-Papabu atbiHaaFbl Kas3aK YTTbIK YHUBEPCUTETI, JKCNEPUMEHTTIK MaHe TEOPUANbIK DM3MKa FbiNbIMU-3epTTeY
MHCTUTYTbI, AZIMaThl K., KaszakcTaH
3Satbayev University, AimaTbl k., KasakcTaH
*e-mail: aktolkyntolen@gmail.com

BBP-K peakTopbiHAa ekipazansl iMTUin kepamukacbiH LiaTiOz/LiaSiO4
cayneneHaipy 60iMbIHLLIA SKCNEPUMEHTTEP

etingipinreH ekidazanbl AMTMn KepammKkacol Li;TiOs - LisSiOs TepMOAAPONbIK peakTopaapdbiH, KaTTbl
HnaHKeTTepiHAE KONAAHYFa MEpPCneKkTUMBaNbl YMITKEP peTiHAe KapacTbipbliabl. MyHAal dasanbik Kypam
LisSiOs OpTOCMAMKATbIHBIH, *KOFapbl AUTMIA menwepiH Li;TiOs AUTUM MeTaTUTaHaTbIHbIH  MeXaHWKabIK
HepiKTirimeH yinnectipyre MymkiHAa ik 6epea;.

Ekipasanbl AUTUIA KepamuKacblHa HEWTPOHAbIK CayneneHAipydiH oacepiH 3epTTey, COHAal-aK OHblIH
KYPbINIbIMAbIK, *KaHe GU3NKa/bIK KacMeTTepiMEH KOppenaumackl e3eKkTi macesie 6o/bIn Kana bepyne, ONTKeHI
KepamMMKaHblH, aHe KepamuKasnblK chepanbik TyMipliKTepaiH, eHAipic TexHonoruanapbl apTypAai. byn
YCbIHbINFAH KyMbICTa 6ankbimaHbl OypKy agici 6oWbiHIWA moaubUKaumsanaHFaH TexHonornameH KALOS
(KArlsruhe Lithium OrthoSilicate) KoHAbIpFbicbiHAA anbiHFaH LixTiOs + 75 monb % LiaSiOs ekidasansbl
KepamuKacblHa PeaKTOP/blK CAyNeNeHaipy 3SKCNepUMEeHTIHIH HaTuxkenepi kentipinreH. CoHaan-ak,
HelTpoHAbIK cayneneHaipy 3eptrey peakTopbl BBP-K-ae (AnmaTtsi K., KasakcTaH Pecnybankackl) 21 KyH 6oiibl
50 °C TemnepaTypaga *yprisingi. MublHTbIK XblAyablk, HeRTPoH datoeHci 3.7-10%° H/cm? Kypadbsl. A4ponbik,
peaKUMANapAblH, XKolngamasiesl 2.16:101 peakuma/cm3-c, an atomaapibiH, bifbicy Kblagamablsbl 7.63-108
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dpa/c (bip aTomFa WaKKaHAafbl bIFbICY CaHbl) AeHreniHe skeTTi. CayneneHaipy KeseHiHaer }MUbIHTbIK Caynenik
3akbim 0.14 dpa Kypadbl.
TyliH ce3nep: ekidasanbl MTUIA KEPAMMKACHI, HEUTPOHAbIK CayNeNeHAIpY, TOUTUIA, TPUTNN BeniHyi.
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JKcnepuMMeHTbI No 06ay4YeHNto ABYXPa3HON INTUEBOM
Kepamukm LiaTiO3/LisSiOs Ha peakTope BBP-K

YcoBeplieHCTBOBaHHaA AByxdasHaa /uTueBas Kepammka LiTiOs-LisSiOs paccmaTpuBaeTca  Kak
NOTeHUMaNbHbIA KaHAMAAT ANA UCNOAb30BaHMA B TBEPAOTE/IbHbIX G/MaHKEeTax TePMOALEPHbIX PEaKTOPOB.
Takol $a3oBbli COCTaB MO3BOJIAET COYETATb BbICOKOE coAeprkaHue autna B optocunmkate LiaSiOs c
MEXaHMYEeCKOoM NPOYHOCTbIO MeTaTuTaHaTa AnTus LixTiOs.

NccnepoBaHne BO3AENCTBUSA HEMTPOHHOIO 06aydYeHna Ha ABYXDA3HYIO IMTUEBYIO KEPAMUKY, a TaKKe
KOppenauma c ee CTPYKTYPHbIMW N OGUINMYECKMMM CBOMCTBAMM, OCTAETCA aKTya/lbHOM 3adayel, y4uTbiBas
TEXHO/IOrMYecKkoe pasHoobpasmne MEeTOZ0B M3rOTOBNEHMA CaMOM KEPAMMKM U Kepammyeckmx chepuyeckmx
rpaHyn. B naHHoM paboTe npeacTaBaeHbl Pe3y/bTaTbl SKCNEPUMEHTAIbHOMO UCCNEN0BAHNA NO PEAKTOPHOMY
obnyyeHuto AsyxpasHol kepamukm Li;TiOs + 75monb% LisSiO4, nonydeHHon Ha yctaHosKke KALOS (KArlsruhe
Lithium OrthoSilicate) no MoaMdUUMPOBAHHOK TEXHONOTMM pacnblneHns pacnaasa. HeMTpoHHoe ob1yyeHne
NpPOBOAMNOCE B MCCAeAoBaTeNbCKOM peakTope BBP-K (r. Aamatsl, KasaxcTaH) B TedyeHue 21 aHA npu
Temnepatype o6pasuos 50 °C. HaKkonneHHbin G0eHC Tennosblx HEeMTPOHOB cocTasua 3.7:10% H/cm?,
MoKa3aHo, YTO CKOPOCTb ALEPHbIX peakumin gocturana 2.16:103 peakumit/cm3-c; CKOpPOCTb HaKoMAeHMs
nospexaeHnit 7.63-10% dpa/c (cmelleHMa Ha aTOM B CeKyH/y), a CyMMapHOe MOBPeMAeHMe 3a nepuog,

obnyyenua coctasuno 0.14 dpa.

Knioyesble cnosa: p,ByxcbasHaﬂ NTneBaAa KepamuKa, HeVITpOHHOG o6nyqume, TpVITVIl‘/JI, BblaeneHune

TPUTHA.

Introduction

Irradiation experiments with two-phase lithium
ceramics Li,TiOs-LisSiO4 are attracting the attention
of researchers in the field of nuclear/fusion energy
and materials science. This material is considered as
a potential candidate for use as solid fuel in advanced
nuclear reactors, as well as a blanket material for use
in thermonuclear reactors.

In the field of thermonuclear energy, the use of
ceramic materials for the reproduction of tritium in
the blanket of a thermonuclear installation is a
strategically important area of research. Due to their
unique thermophysical and thermomechanical
characteristics, as well as high efficiency of tritium
formation and release, lithium-containing ceramics
are becoming a central element for the
implementation of fusion reactor blanket concepts.
Among the many material options, such as Li,TiOs,
LiaSiOy4, Li0, Li»ZrOz and Li>AlO,, composite

materials that combine the positive qualities of
several chemical compositions are attracting
particular interest from researchers.

In a number of studies carried out in this
direction, great attention is paid to studying the
properties of ceramic pebbles, which are potential
candidates for use as a blanket material for the future
DEMO reactor [1,2]. The work of M. Xiang et al [3]
stands out for its claim that two-phase composites
consisting of Li,TiOs-LisSiOs pebbles, where the
second phase is dispersed in a Li>TiO3 matrix, exhibit
noticeable differences in grain structure compared to
single-phase materials. The noted granularity of the
composite is a key factor, given that grain size
directly influences the tritium release properties of the
ceramic material. Thus, increasing the yield of tritium
from pebbles can be a decisive factor in optimizing
tritium production and increasing the efficiency of a
thermonuclear reactor blanket.
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This aspect becomes the basis for further
research and experiments aimed at determining the
optimal characteristics of the blanket material and
expanding the understanding of the mechanisms of
tritium formation, release and transfer in ceramic
materials. It is in this context that the study of the
effect of neutron irradiation on two-phase lithium
ceramics, as well as the correlation with its structural
and physical properties, comes to the fore, providing
the basis for the development and improvement of
technologies in the field of fusion.

To date, a significant amount of research has
been conducted on two-phase lithium ceramics under
reactor conditions [4-9], including research
conducted by authors of this article [10-13]. Most of
these studies were performed in situ. These studies
gave an understanding of how important it is to know
the structural changes occurring in the ceramics
themselves for understanding the processes of tritium
production and release.

At the same time, accurate detection of tritium
and helium release under reactor irradiation
conditions requires carefully validated
methodological approaches, as outlined in [14].
Equally crucial is the consideration of
thermomechanical behavior at elevated temperatures,
since significant stresses may arise in tightly packed
pebble beds and the walls of steel capsules [15].
These factors must be taken into account when
planning further high-temperature experiments with
lithium ceramics.

This article provides a description of the first
stage of the study, namely a description of the
methodology of the already completed irradiation
experiment, with the necessary calculated data on the
irradiation parameters. This article is useful for
further analysis (PIE), and, in the experience of the
authors, is necessary for comparative assessments
with the results of other reactor irradiation
experiments of lithium ceramics. The methodological
conditions of an experiment, especially such a
multifactorial one as a reactor irradiation experiment,
often affect some PIE results and are necessary for
adequate interpretation of the results of future studies
of irradiated lithium ceramics.

Methodology of irradiation experiments at
the WWR-K reactor

The WWR-K reactor, as a source of neutron
radiation, provides unique opportunities for
conducting irradiation experiments [16]. Lithium
ceramic samples were irradiated in the reactor core to
study the following parameters:

* Physical and mechanical properties: Changes
in mechanical properties, including hardness,
strength and resistance to cracking due to radiation,

96

as well as physical properties such as density, and
changes in dimensional characteristics, which may
vary due to exposure to neutron radiation.

* Properties of tritium generation: Study of the
dynamics of generation, accumulation and transfer of
tritium in a material, providing a deep understanding
of the mechanisms occurring under the influence of
various types of radiation and temperature load.

The authors envisage the preparation of a
number of additional publications, each of which will
reveal the nuances of the above research points.

The main parameters of the conducted reactor
experiment:

* Thermal neutron flux density in lithium
ceramics is 2-10% n/(cm?-s);

* Duration of irradiation 21.5 effective full
power days;

* The temperature of the samples during
irradiation did not exceed 50 °C;

* Reactor power 6 MW;

* The accumulated fluence for thermal neutrons
is 3.7-10% n/cm?.

The samples were placed in the center of the
reactor core as shown in Figure 1.

Figure 1 — Three dimensions view of
irradiation device

The irradiation device (ID) is a WWR-K’s
standard irradiation ampoule, inside of which there
are capsules with samples of different types of lithium
ceramics (Figure 1). The capsules are cylindrical
cases with a height of 30 mm, a diameter of 20 mm,
and a wall thickness of 1 mm. It is worth noting that
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before being placed in the appropriate capsules, the
samples were wrapped in primary packaging made of
aluminum foil. The capsules inside the ampoule are
arranged in such a way that three capsules with
samples (No. 1, No. 2, No. 3) are located in the lower
part of the cell, and the rest (No. 4, No. 5, No. 6) are
in the upper part. Capsules with samples are filled
with argon and sealed, the capsules themselves and
the ampoule are cooled with water. The standard
ampoule is located in the irradiation channel of the
WWR-K core. The ampoule and capsules are made of
SAV-1 aluminum alloy. The irradiation channel itself
is located on the periphery of the WWR-K core and
is surrounded by beryllium blocks.

The test samples

In the presented article, the emphasis is on the
results with samples of two-phase lithium ceramics,
namely 25mol%LMT+75mol%LOS (capsule No. 1),
produced by specialists from KIT (Karlsruhe Institute
of Technology). Here LMT indicates Li,TiO3 —
lithium metatitanate, and LOS stands for LisSiOs —
lithium orthosilicate.

The selection of such a phase composition
combines the valuable characteristics of both ceramic
phases: the susceptibility and lithium density from
LOS, taking into account its dominant contribution of
75mol%, and the mechanical strength, chemical and
thermal stability from LMT, with its share of
25mol%. This unique combination provides
significant advantages in terms of radiation resistance
and tritium production efficiency.

The physical characteristics are listed in Table 1,
which also shows the atomic concentrations of
various elements in the samples.

Table 1 — Main sample’s parameters

Formula 25 mol% Li,TiO; + 75
mol% LisSiO4
Atomic L!-GE 151,

. Li-7: 18.61,
concentrations of Ti- 6.03
elements, 103 0: 26.15
at/(barn-cm) Si- 2.01
Pebbles diameter, 250-1250
microns
Average pebble bed 07061
height, mm
Density (pebble), 2836
g/cm?®

. 1.5
Density (pebble bed),
glcm?

Neutronic calculations

Based on a detailed model of the WWR-K
reactor core and the irradiation device with samples,
and using the MCNP code for modeling particle
transport, an accurate prediction was obtained for the
formation and accumulation of nuclear reaction
products in the studied lithium ceramic samples.

The main channels of nuclear reactions
occurring with lithium are as follows:

°Li + n —» T + *He + 4.78 MeV (1)
‘Li+n—> T+ *He + n’

(2)

— 2.47 MeV

As calculations have shown, due to the high
cross section of reaction (1) and the predominantly
thermal spectrum of neutrons in the reactor [17],
tritium and helium are generated with a very
noticeable intensity.

The production of tritium and helium in lithium
ceramics by the end of irradiation was calculated. In
particular, the recorded amount of produced tritium is
0.37 Ci, which is equivalent to 0.039 mg, and the
amount of helium reaches 0.051 mg. These data are
important for understanding the dynamics of
processes occurring under the influence of neutron
radiation. The reaction rates in lithium ceramics are
also determined, which is determined by (3) formula
(see Table 2).

Reaction rate Q [reaction/(cm?-s)]:

Q=ny f ®(E)o(E)dE, 3)

where no is the nuclear concentration of the original
isotope [nucleus/cm®]; ®(E) — neutron flux density
[n/(cm?-s)] and o(E) — microscopic cross section of
the reaction [barn].

Table 2 — ®Li (n,a)T reaction rate

Sample Pebble Reaction rate

volume, density, . 3.
om? glem? reaction/(cm?-s)
0.20 2.84 2.16-10%

The results of calculations of the total heat
release and specific heat release from neutrons and
gamma radiation (including delayed gamma) for the
device elements are shown in Table 3. The height of
the registration zone (cylinder) of the capsule and the
canister was 5 mm.

For calculations of radiation damage in lithium
ceramics, cross sections of ceramic breeders [18,19]
were used, provided in a predefined structure of 100
energy groups for discrete levels of ®Li enrichment.
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Table 3 — Total heat release and specific heat release
of device elements with a sample of lithium ceramics

. Total Specific heat,
Material heat, W W/g
Sample (pebble bed) 3.6 12.09
Aluminum alloy
(capsule) 0.130 0.31
Aluminum alloy 18 031
(ampoule) ' '

First, the neutron flux densities in the samples
were calculated for the 100-group energy spectrum.
Then, using formula (4), the rate of damage and dpa
for entire irradiation period at the WWR-K reactor
was calculated

Emax

R
N DPA/ sec =f P(E)op(EDdE;,  (4)

0

where R — the rate of damage [dpa/(m?-s)], N —atomic
density [atom/m?®], o, — cross section of atom
displacement, ®(E;) — flux distribution on energy.

The obtained calculation results were:
» Damage rate —7.63-10® dpa/s
» Damage per 21 days — 0.14 dpa

Thermophysical calculations

To verify the absence of a critical thermal load
on the samples, it was necessary to determine the
temperature distributions throughout the one-layer
pebble bed. This was performed using numerical
calculations of the temperature distribution
throughout the volume of the working chamber,
carried out in accordance with the previously
described geometry. The calculation was carried out
for a 3-dimensional model shown in Figure 2. The
internal part of the ID (canister, capsules with
samples and argon, water washing the canister and
capsules) in Figure 2 is shown on the right for clarity.

Figure 2 — 3D model of irradiation device
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Initial and boundary conditions

The initial temperature of all domains of the
model is 40 °C. There is no heat exchange from the
ends of the canister (top and bottom). The
temperature of the outer surface of the hexagon and
the incoming water is constrained to 40 °C.

Ceramics samples are located at the bottom of
the capsules in one layer 0.7 mm thick. Capsules with
samples are filled with argon at 1 atm and sealed.
Water at a temperature of 40 °C is supplied to the
canister water cooling cavities (shown in blue in
Figure 3) from top to bottom at a speed of 0.1 m/sec.
It is also assumed that the temperature of the outer
surface of the irradiation channel (aluminum alloy
hexagon) is constant and equal to 40 °C.

45

40

Figure 3 — Temperature distribution in capsules
(capsule Nel is in lower left part)

The calculation was carried out in a stationary
mode.

The governing equations in the constructed
model for calculating heat distribution were:

Equation of heat transfer between gas and
surfaces of the sample and capsule wall:

pCpii - VT =V - (kVT) + Q, (5)

where C, — heat capacity at constant pressure,
J/(kg-'K); Q — total specific heat of the material,
W/m3,

Heat transfer by radiation was not taken into
account due to the low temperature of the samples and
the irradiation device.

Standard temperature-dependent parameters for
gases and materials were used for the calculation.

Calculation results
The results of calculated temperature

distribution over the sample and in the cavity of the
capsule Nel are presented in the colors in Figure 3.
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Table 4 — Radial temperature distribution in pebble
bed (capsule Nel)

Radius, mm | Temperature, °C
0 41.5
3 43.1
6 43.6
9 434
12 43.1
15 42.2
18 41.1

The calculation results showed that for a given
irradiation configuration and number of samples, the
maximum heating temperature in the area of the
capsule with samples will not exceed 55 °C. In this
case, the maximum spread (gradient) of temperature
along the radius of pebble bed will be no more than
2.5°C.

Post-irradiation characterization

After the tests, samples were removed from the
capsules and primary packaging, subsequently sorted
into pebble-shaped and powdery fractions, as well as
separate placement of the primary foil packaging.
Since it is planned to conduct experiments with
aluminum foil using liquid scintillation to determine
residual tritium in it, the primary packaging was
retained for additional studies.

Conclusions

The results of neutron-physical calculations are
presented: the amount of produced tritium and helium
from lithium ceramics with a volume of 0.20 cm?®
were estimated as 0.039 mg and 0.051 respectively;
the rate of ®Li (n,a)T reaction was 2.16-10%°
reactions/cm?-s; the damage rate was 7.63-10°8 dpa/s,
total damage per irradiation period was 0.14 dpa.

The results of thermophysical calculations
revealed that with the considered irradiation

_ 13 tion and a given number of samples, the
« g+ : r‘_ emperature along the capsule with samples will
L] H;Pv fqo’ exceed 55 °C, while the maximum temperature
e - ! long the sample filling will be limited to 2.5
€ 0 = °
e
8 B 1 riments with two-phase lithium ceramics
\ RS s i4Si04, carried out at the WWR-K reactor,
Hi , i nique data on the interaction and behavior
RSO « ‘ e B fes under the influence of radiation load.
-f:E £ Tt
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Figure 4 — Comparison of samples before and after
irradiation
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ONTUYECKUE CBOMCTBA MOANDULMPOBAHHBIX MONUUMUAHBIX NEHOK

B cTaTbe wccnegoBaHbl CNEKTPasbHble  XapPaKTEPUCTUKM  OKPaLIeHHbIX MNOJMUMUAOHBIX MAEHOK,
CoAEepPrKaLLMX aKTUBHbBIN APKO-3e/ieHbln Kpacutenb 4C. NyTem NpUMeHeHUss MeTOA40B CNekTPOGOTOMETPUM 1
dypbe-MK-cnekTpockonnmn npoaHaM3MPoBaHO BJ/IMAHME KOHLEHTPAUMKM KpacuTena Ha Ko3dOULMEHTbI
NPONYCKaHMA WM OTPaXKEHMA MJEHOK. DKCMEPUMMEHTANIbHO YCTAaHOB/IEHO, YTO YBEJWYEHME COAEPrKaAHUA
KpacuTens CHWMKaeT MponyckaHWe B BUAMMOM 06nacTu cnekTpa Ha 22-25% 6e3 M3MeHeHUs MOoJIOXKEeHUs
CMEeKTPa/IbHbIX MAaKCMMYMOB, YTO CBMAETENLCTBYET O PaBHOMEPHOM pacnpeneneHnn Kpacutenda B matpuue
6e3 pa3oBoli cerperaumm. lNokasaHo, YTo BBeaeHue KpacuTtensa 4C npueoamuT K GOPMUPOBAHMIO Y3KOM NOMOCHI
NorNoWeHMa nNpu 682 HM, YTO ABAAETCA XapaKTEePHbIM MPMU3HAKOM CTabW/IbHOW OKpaLLEeHHON NOANMMEPHON
CTPYKTYpbl. MccnepoBaHua TakKe MOATBEPAMAM, UYTO BKIOYEHME KpacuTens crocobCTBYeT YCKOPEHWIo
npouecca  nNoAMMMMAO00OPa3oBaHMA.  AHanu3  MeTodomM  MK-CMeKTpocKonuu  BbIABMA  Hanuuyume
OONONHUTENbHBIX Nofoc B o6aactn 1500—1000 cm™, YTO CBUAETENLCTBYET O BO3MOXKHOM B3aMMOOENCTBUN
Kpacutens C MNOAMMMMAOHOM  MmaTpuueln. [lonydyeHHble pe3ynbTaTbl NOATBEPXKAAT  BO3MOMKHOCTb
MCMNO/Ib30BaHUA OKPALLIEHHbIX NOJMUMUAHbIX MIEHOK B KAYECTBE aKTUBHbIX 9/1EMEHTOB ONTUYECKMX GUALTPOB,
CEeHCOpPOB WM Na3epHbIX cMcTem. KOHTPOAb KOHLUEHTPAUMM KpacuTena Mo3BOASET BapbMpOBaTb OMNTMYECKME
CBOWCTBA M/IEHOK, YTO OTKPbIBAET MEPCMEKTUBbI UX MPUMEHEHUA B QOTOHUKE, CEHCOPHbIX TEXHOMOMUAX U
pa3paboTKe GyHKLMOHANbHbIX MAaTEPMANOB C 3aaHHbIMKN CMEKTPaIbHbIMKN XapaKTePUCTUKaMMU.

KnioueBble cnoBa: okpalleHHble NOAMUMUAHBIE MAEHKN, aKTUBHbIM 3eneHbli 4C, KoabduumeHT
NPONyCKaHWsA, KO3GPULMEHT OTPAKEHMA.
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MoauduKaumanaHFaH NOJTMUMUATI XYKaKabblKTapAblH, ONTUKAbIK KacueTTepi

Makanaga kypambiHaa 4C kacbin TycTi benceHai 6osafbiwbl 6ap 6oanraH NOAMUMUATI NAEHKaNapabiH
CNEeKTPAIK cunaTTamanapbl 3epTrengi. CnektpodoTomeTpusa koHe Oypbe-WIK cnekTpockonus aaictepi
KONAaHy apKblabl 60AFbIL KOHLEHTPAUMACBIHbIH NAeHKaNapAblH ©TKI3y KaHe Lafblay KosbduumeHTTepiHe
acepi TanaaHabl. IKCNEPUMEHTTIK 3epTTeyaep BOAFbIWTLIH, MEJLLIEPIH apTTbipy KOPIHETIH CNEKTP alMarbiHAa
¥apblK, OTKI3MWTiriHiH, 22—-25%-Fa TOMeHaeyiHe SKeneTiHiH, anaiaa ChnekTp/ik MakcuMymaapabiH OpHbI
e3repicci3  KanaTblHbIH KepceTTi. byn 60afbllWTbiH, MaTpuuaaa OipKenki TapanfaHblH KaHe daszanbik
cerperaumaHbiH, 6onmaraHbiH aanenaeni. 3eptrey HaTuxkenepi 4C 60AFbILLbIHbIH, eHri3iNyi 682 HM TONKbIH
Y3bIHAbIFbIHAG Tap CiHipy *KOMafblH KanbINTacTblpaTblHbIH KepceTTi, O6yn TypaKkTbl 6oanfaH noaMmep
KYPbINbIMbIHBIH, alpbiKiwa 6enrici 6onbin Tabbinaasl. CoHaan-aK, 60AFbLIWTLIH, NOAMUMUATI KanbiNTacTblpy
NPOLECIH XblNAamaaTaTbiHbl pacTangsl. MK-cnektpockonua agici 1500—1000 cm™ AnanasoHbiHAa KOCbIMLLA
CiHipy *KONaKTapbiHbIH, Nanaa 60/yblH aHbIKTaZbl, By OOAFbIL NeH MNOAMMMWUA, MAaTPMULACHI apacbiHAAFbI
bIKTMMaN XMMUA/BIK ©3apa apeKkeTTecyai bingipeai. AnbiHFaH HaTUKenep 6osaFaH NOAMUMUATI NAEHKaNapabl
ONTWUKaNbIK Cy3rinepAiH, CEeHCOpAapAblH KaHe fas3epnik KyhenepdiH 6enceHAi snemeHTTepi peTiHae
namganaHy MyMKiHAiMH pacTanabl. Bosfblll  KOHUEHTpaUMACbIH BaKblnay naeHKanapablH, ONTUKAbIK,
KacneTTepiH e3repTyre MyMKiHAIK 6epeai, 6yn onapabl GOTOHMKAAAR, CEHCOP/bIK TEXHOMAOTMANAPAA KaHe
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bepinreH cnekTpAiKk  cunatTamanapbl
nepcneKkTMBanapblH awadbl.

TyliH ce3gep: 6oanfaH NOAMMMUATI NAeHKanap, benceHai Kacoin 4C, »apblK 6TKI3MWTIK Ko3addULUMeEHTI,
WafblablCcy KO3POULMEHTI.
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Optical properties of modified polyimide films

The paper investigates the spectral characteristics of colored polyimide films containing the active bright-
green dye 4C. Using spectrophotometry and Fourier-transform infrared (FTIR) spectroscopy methods, the
influence of dye concentration on the transmittance and reflectance coefficients of the films was analyzed.
Experimental studies demonstrated that increasing the dye content reduces transmittance in the visible
spectral region by 22—25% without shifting the spectral maxima, indicating uniform dye distribution within the
matrix and the absence of phase segregation. The study confirmed that the introduction of dye 4C leads to
the formation of a narrow absorption band at 682 nm, which is a characteristic feature of a stable dyed
polymer structure. Additionally, the results showed that the inclusion of the dye accelerates the polyimide
formation process. FTIR spectroscopy analysis revealed the presence of additional absorption bands in the
1500-1000 cm™ range, suggesting possible chemical interactions between the dye and the polyimide matrix.
The obtained results confirm the feasibility of using colored polyimide films as active elements in optical filters,
sensors, and laser systems. Controlling the dye concentration allows for fine-tuning the optical properties of
the films, opening up new prospects for their application in photonics, sensor technologies, and the
development of functional materials with predefined spectral characteristics.

Key words: dyed polyimide films, active green 4C, transmittance coefficient, reflectance coefficient.

Beenenne npocBeTsiione  GUIBTPl U T. 1.), a TaKxKe
OTpPaHUYUTEN MOLIHOTO ONTHYECKOTO M3IIyYeHHS U

[MonumepHbie cucTtembl oOmamaroT 3Ha4yu-  T. 4. [9-11].
TENbHOW  BapHa0EeNbHOCTBIO, YTO  IO3BOJIET B nocneanue roasl 0coOblii HHTEPEC BBI3BIBACT
peryaupoBaTh HMX CTPYKTYpY W CBOMCTBAa JJsl  MCIOJb30BaHUE AaNUIMKIMYECKHX MOJMHMHUIOB B
CO3JIaHMS  KOHKYPEHTOCIIOCOOHBIX ~ MAaTepualioB, KayecTBE MATPHUIBI JJIsl CO3JaHUsl ONTHYECKU

MIPUMEHHMBIX B ONITHKE, ONITOJIEKTPOHUKE U IPYTHX
obOnactax Hayku u TexHUku [1-4]. Ha ocHoBe
ONTHYECKH TPO3pauHBIX MOJIMMEPOB  paspada-
THIBAIOTCS.  (POTOXPOMHBIC, JIFOMUHECIICHTHBIE U
TEHEpUPYIOIIME MaTepHaibl, a TaKKe HEIMHEWHO-
ONTUYECKHUE HAHOKOMIIO3MUTHI, MEPCIEKTUBHBIE AJIA
JIa3epHOM ONTHKU M ONTOAIEKTPOHUKH [5-8]. OnHuM
M3 Ba)XXHBIX MPEUMYIIECTB MIPO3PAUHBIX MOJIMMEPOB
nepes TpagUuIMOHHBIMU ONITHYECKUMHU MaTeprualaMu
(HEeopraHM4ecKMH CTEKJIaMH U BBICOKOTEMITEpa-
TYpPHBIMH KpPUCTQJJIAMH) SIBIISIETCS  BO3MOKHOCTD
BBEJCHUSI B HUX PA3JIMYHBIX KPacCUTENEH U APYTUX
COCUHECHH, BBHIMOIHSIOMUX (QYHKIUA aKTHBHBIX
KOMITOHEHT. JTO TO3BOJISIET IMONYy4aTh W3 HUX HE
TOJIBKO  BJIEMEHTHI OOBIYHOM ONTHKH  (JIMH3HIL,
MPU3MBL, OTKJIOHSIOMIME IUIACTUHKU U T. 1.), HO H
crennUIecKUue SJIEMEHTBI IS JIa3epHON OINTHKH
(axTHBHBIE = DIIEMEHTHI, TIACCHBHBIE  Jla3€pHBIE
3aTBODHI, MIPOCTPAHCTBEHHO HEOJTHOPOJIHBIE

AKTUBHBIX MAaTEpHaloOB. AJMIUKINYCCKHE TOIHHU-
MUBl 00J1aal0T BBICOKOH TEPMUYECKOH CTaOMIIb-
HOCTBI0, MEXaHMYECKOH MPOYHOCTBIO U ONTUYECKOM
MPO3PaYHOCTHI0 B IMIMPOKOM CHEKTPAILHOM JTUaria-
30He, YTO JeNaeT WX HEePCIEeKTUBHBIMU IS
NPUMEHEHUS B ONTORJIEKTPOHHBIX YCTpOMCTBaxX
[12,13]. BBenenue sipko-3enéHoro kpacurens 4C B
AMAMUKIAYECKAH  MOMUUMHU  O0YCIIOBJIEHO  €ro
YHHUKaJIbHBIMH CHEKTPATbHBIMU XapaKTEPUCTHKAMH,
BKITIOYAasi MHTEHCUBHOE TIOTJIONICHUE U H3ITyYCHHUE B
BUIUMON 00JacTu  cmekTpa. OTO  TMO3BOJISIET
cOo3/1aBaTh MaTepHajbl C 3aJaHHBIMH ONTHYECKUMH
CBOWCTBaMHM, HEOOXOAMMBIMU Il pa3paboTKu
3¢ (}EeKTUBHBIX JIIOMHHECIEHTHBIX YCTPOHCTB U
ceHcopos [ 14].

Lenbio HacTOsIIECH PabOTHI SIBISICTCS H3YUYCHHUE
ONTUYECKUX CBONCTB IUIEHOK M3 OKPAILICHHOI'O aJlu-
LUKJIAYECKOTO MOJMMMUAA, COIEpXKAILEero pasiiud-
HYI0 KOHLEHTPaLUIo sipKo-3eneHoro 4C KpacuTes.
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OOBEKTOM JaHHOTO WCCICIOBAHUS SIBISIFOTCS AJIH-
UKINYECKAE TOJNUMUATHBIE TICHKH C aKTHBHBIMHU
KpacuTensiMiu. MeToapl WCCIIeJOBaHUs, KOTOPBIC
OBUIH MCIIOJIB30BaHbI B IAHHOW CTaThe — CKAHUPYIO-
mas CHeKTpopOTOMETPHUS B yIbTPA(PHOIETOBOU U
BUAUMOM obmacru, OTHUK-criekTpoMeTpus.
[NonnMaHve BIMSHUS KOHIIEHTPAIIUH KPACUTENs Ha
ONTUYECCKUE XapPaKTCPUCTHKH IUIEHOK I03BOJIUT
ONTHUMHU3HPOBATh €r0 COCTaB s KOHKPETHBIX
MIPIJIO’KEHUH B 001aCTH ONTUKH W ONTOAIEKTPOHUKH.

MeTtoaojiorus

HccnenoBanust MpoBOJAMIUCE C PACTBOPAMH IMO-
muumuna (I1IM), cuHTe3npOBaHHOTO IO METOAUKE
[15] B N,N'-mumeTmnaneramuzae (IMAA). [Tony4en-
HbIC aBTOpPaMH B [ 15] moimaMuI0KUCIIOTH MOABEpra-
nuck tepMommuamzanuu mnpu 250-350 °C, mocne
Yero MCCIeIOBAINCH UX ONTHYECKUE CBOWCTBA U JH-
ANEKTPUIECKHE XapaKTePUCTHUKH. J{JIs McciieioBaHus
OINITHYECKUX XapaKTEPUCTUK ObLI BBIOpAH aKTHBHBIN
seneHsid 4C ¢upmer OO0 "Ypamxumuasect" (T.
Ya, Poccust) - HaTpueBas conb [4,4'-6uc(N,N-miume-
TrHaMuHo)-(2"-ruapokcu-3",6" - nucyapdoHaro)]
HapTHAAMpEHUIKApOeHUs,, MOJeKysipHas  ¢op-
myna: Ca7H2sN207S;Na. Beibop manHOTO Kpacutemns
ObUT OOYCIIOBJIEH €r0 BBICOKOH pacTBOPUMOCTHIO B
MOJSIPHBIX ~ CpefaX, a TaKkKe TEPMHUUYECKOH W
XMMHYECKOM cTabuIbHOCTRIO [16, 17].

Komnozuuuu IIM ¢ kpacureneM moirydanu
JIBYMSI ClIOCOOaMu:

a. CmemmBanueM 20 % pacTBOPOB MOJIMAMUA C
pacTBOpaMu KpaCUTENsl B 3TOM e PaCTBOPHUTEIIE;

6. Ilpu mpoBeneHWH CHHTE3a MOJMHMHU/A B
MPUCYTCTBHM KATAIUTHYECKUX KOJUYECTB ATOTO
KpacuTersl.

KoHneHTpamuio kpacutenss B IMEPBOM CITydae
BappupoBaym ot 0,1 mo 2,0 mac. %. Bo BTOpOM
cirydae ObUTO yCTaHOBJIEHO, uto 1M ¢ HanbonbmmMu
3HaUeHUsIMM  nOpuBeneHHOM Bsskoctw 0,5 %
pactBopoB 1M o6pasyercs B mpucyrctBum 1,5 mac.
% xpacutenms. M3 pacTBOPOB Ha CTEKJISHHBIX
MOJIOKKAX C TOMOIIBIO METAJUIMYECKUX IIa0JIOHOB
dbopmupoBany IUICHKH TONIUHOW 27-51 MKM,
KOTOpbIe 00pabaThIBAIM HArpeBaHUEM B BO3YIITHOM
cpene a0 250-350 °C. OOmiee Bpemst TepMOO0O-
paboTku 00pa3noB coctasisuto 60 MuH. OnTHYecKue
W3MepeHUs] OBbUIM  BBIMONHEHBI C  TIOMOIIBIO
nByxiydeBoro cnektpodortomerpa UV-3600 (dupma
Shimadzu) npu cnekrpaisHoM pazpemeHnn 0,1 HM.
B juamazone ot 300-1100 um. HWccnemoBanue
XHUMHYECKOTO CTPOCHUS TMOJUMMHUIHBIX IJICHOK,
MOJYYEHHBIX TIOCJIE OKpAIIWBAaHHUA KpPACHTEISAMH,
npoBoauiock merogoMm HMK-cnextpockonuu. MK-
CHEeKTPbl HJsl JaHHOTO WCCJEeNOBaHMs Opaiuch B
o0xacTu ayuH BOJH 2-20 MKM.
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Pe3yabTaThl 1 00cyxkI1eHne

O0bexTamu WCCIIeTOBAaHUS SIBIISIITACH
OKpallleHHbIE TJIEHKM Ha OCHOBE KOMIIO3UIIUU
ATWIHAKINYECKOTO TMOIMUMHIa C aKTHBHBIM SIPKO
3eJIeHBIM 4C Kpacuresiem, MIOJTy9YeHHBIC
MEXaHUYECKUM IepeMENINBAaHNEM KOMIIOHEHTOB.
OTa CBsI3b OTHOCUTCS K KHCIOTHOMY KpacHUTEIIo,
cocTosimeMy u3 (parMeHTOB MOHOXJIOPTpHAa3WHA C
xpomodopHO# Tpymoi. M3BecTHO, 4TO ONTHYECKHE
CBOWCTBA MOJMMEPHBIX IUJICHOK 3aBHCAT  OT
HECKOJIbKHX (DaKTOPOB - TONIIHNHBI 00pa3iia, yciIoBHN
W3MepeHns W T.1. B maHHO# pabore mcciemoBaHa
3aBHCHMOCTh CIEKTPOB MPOMYCKaHHUS M OTPaKEHHUS
OT pa3MYHBIX KOHLIEHTPAIN KpacuTens.

[18, 19] u mpyrue ucciaeaoBaHUs MOKA3AIH, YTO
ANAIUKIAYECKHE TTOTUUMHUIBI MOTYT CBSI3BIBATHCS C
JPYTUMH  OPraHWYECKUMH  COCJMHEHHsMUA. B
pe3ynpTaTe IONIy4aeTcsl OJHOPOIHAsl TTONMMEpHAs
CUCTEMa C BBICOKUMH (U3NKO-MEXaHUIESCKUMU
cBOlcTBaMH. B TO ke BpeMs, Kak OIIPENENIEHO B
HACTOSAIIEeH paboTe, eclii B MMOJMUMHUIAHBIN PacTBOP
nmobasuts 0,001-0,05% kpacures, To 3a onpeaeneH-
HBIH TIPOMEXYTOK BpEeMEHH 00pa3yloTCsi OZHOPO/I-
HbIe, CTaOWJIBbHBIC KOMIO3WIMKM (He MeHee 12-15
MECSIEB), U3 KOTOPBIX MOXHO TOJIYYHUTH IMIPO3pad-
HBIE TICHKH.

Ha pucynkax 1 u 2 moka3aHsl CIEKTPHI IPOITyC-
KaHUsl U OTPAKEHUSI IUIEHOK TOJNIIUHOU 27-50 MKM
cooTBeTcTBeHHO. Ha rpadukax cpaBHUBaINCH CIIeK-
TPl TPONYCKaHUS W  OTPKEHHS HCXOIHOTO
MOJIMUMU/IA, a TakXke IMOJUUMHUIHBIX IUIEHOK C
pa3nu4yHON KOHLEeHTpauueil kpacutend. IlokasaHo,
YTO B MPUCYTCTBHU KPACHTEISl CHEKTPBI MPOMYCKa-
HUSl U OTPAKCHUS KOMITO3UIIMIA B BUAUMOM 001acTH
yMeHbIIatOTCsl Ha 22-25% 10 CpaBHEHUIO C
WCXOIHBIM TIOJTHAMUIIOM.
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Pa3INYHBIMUA KOHIICHTPAIUSIMH KPACUTEIS
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MEXaHUYECKUX CBOWCTB W TEPMOCTAOWIb-HOCTH,

YTOOBI JKCIDTyaTaIllHOHHBIE XapaKTEPUCTUKA HOBOU
MOJIMMEPHON KOMIO3UIMH OBLIM HE HIDKE, YeM Y

Kak BumHO M3 pucyHKa 1, BKIIIOYEHHE 3TOTO

/_\-/__‘/ 4
HCXOJTHOTO MOJIUMEpa.
KpacuTeisl B NOJUMMUIHYK) MATpULy IPUBOIUT K
MOSIBJICHUIO Y3KUX TIOJIOC MOTJIONICHUS Ipu 682 HM.
St Takue coequHEHUsI aKTUBHBI U B IPYTUX XUMUUYECKHUX

nporieccax, OCOOCHHO B CHHTE3¢ TEPMOCTOWKUX

nmonumepoB. Mcmonp3yemerii B paboTe KpachTelb
YCKOpsIET MpoLece MOMMUMHI000pa30BaHus, CUHTE3
Ha 1,5 wdgaca (06e3

nporecce

MOJIMUMH/Ia  COKpaIaeTcs
KpacHTesel mporecc 3aHuMacT 6,5-7 9acoB).
KpacuTenein B

OCHOBHOM  00ycCJIOBJIEHA
(hparmenTa,

AKTHBHOCTBE
MOJIUKOHIEHCAIIUU B
XJIOPTPUA3UHOBOTO a

BIIMSIHUEM
XUMHYECKYIO CTPYKTYpYy 00pa3yloIerocsi OKparieH-
HOTO TMOJIMUMHUIHOTO 3BEHAa MOKHO TIPEJCTaBUTh

creyronmM oopasom (pucynok 3) [20]:

pacTBope

PucyHnok 2 — CriekTpsl OTpaskeHuUs TIEHOK C
Pa3TMYHBIMU KOHIEHTPAIUSIMH KPAaCUTENA

KomnuectBo  kpacuteneid B
noJ0UPaoch € YYETOM COXPaHEHHS BBICOKHX
0 0
—¢ “\ 7R, 7R, N—{Cl
};_/r" \ o_+ \’—:\'H—(_N
T N N/ Yy
—cC C N— n
0 O XpoMoQop
Pucynok 3 — Xummndeckas CTpyKTypa IOJIyYEHHOTO OKPAIIEHHOI0 TOTMUMHIHOTO COEINHEHMS
Ckopee Bcero, XJOpTpUasMHOBBIM Kpacutenb @Dopma CHEKTPOB € YBEIWYEHMEM KOHLEHTpALUU
IIPUCOEIMHEH K KOHIIEBOM amuHorpymnmne. [loatoMmy B kpacurens OCTacTCs HEU3MEHHOM, 4TO
MEpBOM Cllydae KpacuTeldb B3aUMOJACHCTBYET C  CBHJCTENBCTBYET OO0 OTCYTCTBHHM 3HAYMTENBHBIX
MEXAaHH3MOM C HCXOIHBIM MOJUUMHIOM, IIOCKOJIBKY ~ M3MEHEHUH B CTPYKTYpe IUIEHKM IPH BBEACHHU
npucytcrByer 5—7%  KpacuTeds.
—o%
e 0. 001N
0.01%
0,05%

l

a(d) =— —xIn
[I0Ka3aHa  3aBHCHMOCTH
MOTJIONIEHHS o

B KOHEYHOM ITOJIUMEpPE
HCIUKIIMPOBAHHBIX aMI/IHOI‘pyHH.gHa‘IeHI/IH
kodpduumeHTa  MOMIOMICHHUS  CBETa  4epes

MOJMMMHUIHYIO TJICHKY ONPEJeNsIA MaTeMaTHUCCKH
o ciexyroreit popmyie [21]:
1 T o
(1 - R)z L 1 W' 4 \
3 am
\

Ha pucynke 4
K03 puIeHTOB
WCXOJIHBIX U OKPAICHHBIX MOJUUMUHBIX TUICHOK C
paccurTaHHBIX .

CHEKTPAJIbHBIX
UCTIONIb30BAaHUEM  PE3yJIbTATOB,
nporpammoii OriginPro [22]. CornacHo pucyHky 4,
9TO COOTBETCTBYET
Pucynok 4 — CriektpasnbHasi 3aBUCUMOCTD
K03()(PUIMEHTOB IOTIIOMECHUS HCXOJHBIX U
OKpAIIIEHHBIX IOJTMUMHUIHBIX [UIEHOK

HM,
MaKCUMyMY
Poct

OCHOBHOM TIHMK IOTJIOIICHHS PACIIONIOKEH B 001aCTH

OKOJIO 680

XapaKTePUCTUIECKOMY 3€JICHOTO

KpacuTells B BHJUMOM  JUara3oHe.

kod(uImeHTa TIOTJIOMICHUST HAOII0JaeTCs TP
KOHIIEHTPAaITUU KpacuTelsl.

YBEIMUYCHUH
MakcuMabHOE TOTJIONICHUE PETUCTPUPYETCS IS
mwieakn ¢ 0,05% xpacurtens (3eneHas KpuBas).
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Takum 00pa3oM, yBEIHYCHHE KOHIICHTPAIIUU
KpacuTelsl IPUBOANT K YCHJIICHHIO TTOTIIONMIEHHs 0e3
W3MEHEHUS CIEKTPAIHLHOTO MOJI0KEHNS MaKCUMyMa,
YTO MOJTBEPKIaET €r0 pABHOMEPHOE pacIipe/iesicHue
B IUICHKE.

Jus ompeneneHuss HAYUIMS (YHKIHOHATBHBIX
TPyNI TOJIMUMUAHBIX TUIEHOK TIOCIE JO0aBJICHUS

KpacuTenss  ucmonb3oBamu  meron MK —
criektpockonuu [23-25]. Ha pucyHke 5 moka3aHb
HK-cniekTpsl HUCXOIHBIX u OKpalIe€HHbIX

TIOJIMMMUIHBIX IIJICHOK.
o / —“_““"“ ¢ \‘ A .
/ 4 [
A "\/ v { |

ade /)

001

' |
"

[T Vv v L T e [(CT RCY

v, em’

Pucynox 5 — IK-cnextpsl ucxonusix 111 u nieHok,
OKpAIIeHHBIX aKTUBHBIM
SIPKO-3€JIEHBIM Kpacutenem 4C

AHanu3 pUCyHKa S5 TOKa3all HaJU4KUe IHPOKUX
nosioc B o6mactu 3600-3100 cm™, uTo ykaspiBaeT Ha
Hammure ~ NH-csizeiik B Mmosekyne  [26].
Kone6aTenpHble yacToTsl B 061actu 3100-2800 cm™
OOBIYHO PACCMATPUBAIOTCS BMECTE C IOJIOCAMHU
morjomieans B obiactu 1000-900 cml. Hamuuwme
MOTJIONIEHUs B JTHX 00JacTAX yKa3blBaeT Ha
cymectBoBanne CH-cBsizeii [27]. B obmactu 1800-
1400 cm™? HaxomsaTCs YacTOThI KOJIcOAHWH CBs3CH
C=C u C=0 [28]. O6macts 1300-1000 cm™
IMOKA3bIBAET CHIILHBIE M CJIA0BIE ITHMKH IIOTJIOIICHUS
n3-3a cBs3u C-O. B manHO# o0mactu HaOIIOgaeTCS
ocnabmenre unn cmemenne mojaoc C=0 u C-N, uto
MOXKET YKa3blBaTh Ha 0Opa30oBaHHWE BOJOPOJHBIX
CBA3CH WM JPYyrUX B3aUMOJEHCTBHA  MEXIY
KpacuTeJIeM H MOJIMUMHUIHON MaTpUIIEH.

Beenenue kpacutens (0,001%, 0,01%, 0,05%)
MPUBOANT K HW3MCHCHHSIM HWHTCHCHUBHOCTH |
nojoxenuto mnojoc B MK-cnmekrpe. Tak xe, B
obmactu 1500-1000 cm! wHabmIOmArOTCA AOMOJ-
HUTEIBHBIE MOJIOCHI, YTO MOYKET CBHIETEILCTBOBATE
0 B3aMMOJICMCTBUM KpACHUTENSI C TOJMUMHUIHOMN
MAaTpHUILIEH.

3akiaouenue

B pabote mokazaHo, YTO BBeIEHHE KpacHUTENs
4C B TMONMMUMUAHYIO MAaTPUIly TPUBOIUT K
MOSIBJICHAIO ~ OTHOCHTENBHO  Y3KOW  IOJIOCHI
norJouieHus ¢ Makcumymom 682 M. Kpome Toro,
kpacurens 4C, UCHONB3YeMBIil B paboTe, YCKOpseT
o0Opa3oBaHKe MOJUHUMHUIA, MPOJAOJKUTEIEHOCTH €ro
CHHTE3a CoKpamaeTcs Ha 1,5 gaca (6e3 Hero mporiecc
UJIET B TeueHue 6,5-7 4acos).

Pe3onancHoe moriomeHne MoAU(UITUPOBAH-
HBIX TUICHOK, BHJIUMO, OOYCIIOBJICHO TOTJIONICHUEM
AIIEKTPOMArHUTHOTO M3JIyYeHHs] Ha XHMHYECKUX
CBA3SX KpacuTens. B monb3y 3TOro mpeanonoKeHust
TOBOPSAT CIICAYIOIINE YKCIIEPUMEHTATIbHBIC (AKTHL: C
YBEJMYEHHEM KOHIIEHTPAIMU KPacUTelsl B MaTpUIle
noJarMepa Habromaercs yBEJIMUCHHE
WHTCHCHUBHOCTH ONTHUYECKOTO TMOTJIOIICHHUS MPH
HEM3MEHHOM TIOJIO)KEHUH MaKCHMyMa TIOTJIONICHUSI.

Takum oOpazoMm B paboTe yCTaHOBJIEHA
BO3MOXHOCTb TOJyueHHs (PYHKIMOHAIBHBIX Mare-
pHANOB B KAa4yeCTBE TEPMOCTONUKUX OJHOMOJIOCHBIX
CBETOQWIBTPOB, KOTOpPBIE MOTYT INPHMEHSTHCS B
Ja3epHOM  ONTHKH, TEPMO- U  CBETOCTOMKHX
OKpAIIICHHBIX XUMHUYECKUX BOJIOKOH U T.J.

BaaropapHocTs
UccnenoBanne ¢uHancupyercss Komwurerom
HayKl  MMUHHUCTEpCTBA  HAyKd M BBICIIETO

oOpazoBanusa PecnyOnmku Kazaxcran (I'pant Ne

BR24992812 «PazpaboTrka  MaTepHuaioB u
TEXHOJIOTHH, HAaNpaBICHHBIX Ha KOMIUICKCHYIO
AHTHKOPPO3MOHHYIO  3alllUTy  TEXHOJIOTMYECKOTO
obopynoBaHus B He()TEXUMUYECKOH,

MaIlTHHOCTPOUTEIIEHOH ¥ MPUOOPOCTPOUTEIIHHOMH
OTPACTIX»).
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SOME FEATURES OF RAYLEIGH-TAYLOR CONVECTION
IN THE MIXING OF IDEAL GAS MIXTURES

The paper deals with computer modeling of convective structures formation at isothermal mixing of
three-component gas system on the basis of numerical experiments using ANSYS Fluent. The research aims to
study the transition of the system from a diffusion regime to a convective regime and to analyze the stability
of mechanical equilibrium in multicomponent gas systems.

The scientific and practical significance lies in understanding mass transfer processes, which are crucial
for applied tasks in thermophysics, energy, and environmental sciences. Investigating the characteristics of
transitional processes enables the clarification of diffusion-convection interaction mechanisms and the
development of recommendations for process optimization. The research methodology includes numerical
modeling of mass transfer processes using the k-w turbulence model and Stefan-Maxwell equations. Boundary
conditions, computational grids, and modeling parameters were adapted to adequately describe the structural
features of mixing and convective flows. The main results confirmed the effectiveness of ANSYS Fluent in
modeling convective flows. The numerical data demonstrated good agreement with experimental results,
indicating the model's ability to account for the influence of convective flows. The value of this study lies in
developing a numerical approach that enables a quantitative description of kinetic transitions between
diffusion and convection. The practical significance of the work is its applicability to the study of mixing
processes in complex gas systems, making it useful for technological and scientific advancements.

Keywords: diffusion, convection, computational modeling.

B. MyKkamengeHkbi3bl, A.f. TenenbepreH*
on ®apabu atbiHAarbl Kasak yATTbIK yHUMBepcUTETI, AAMaThl K., KasakcTaH
*e-mail: arsen4236@gmail.com

WUaean ras KocnanapblHbIH apanacybl KesiHaeri Paneii-Tennop KOHBEKUMACHIHbIH,
Kelbip epeKwenikTepi

Makanaga ANSYS Fluent KemerimeH caHZblK SKCMNEPUMEHTTEP Heri3iHAe YW KOMMNOHEHTTI ras KyMeciHiH,
N30TEPMUANBIK apanacybl Ke3iHAe KOHBEKTUBTI KypbUIbIMAAPAbIH, KaAbINTACyblH KOMMbIOTEPAIK MOoAeNbAey
KapacTblpbliaapl. 3epTTeyaiH MakcaTbl — XKyWeHiH AMbPY3MANbIK PEXMMHEH KOHBEKTUBTIK pexumre oTy
NPOLECIH 3epTTey KaHe KOMNKOMMNOHEHTTI ra3 XyhenepiHaeri MexaHMKablK TyPaKTbIbIFbIH Tanaay. 3epTTeyain,
FBINBIMM  KOHE NPaAKTMKaNbIK MaHbI3AbINbIFbI MaccaanMmacy yaepicTepiH TyciHymeH 6ainaHbicTbl, 6yn
XblaydU3MKaCkl, SHEPreTUKa »KIHe 3KONOTMA CcanacbiHAaFbl KondaHbanbl MiHAETTepAe MaHbi3abl pen
aTkapaabl. ©Tneni npouecTepiid, cMnaTTaManapblH 3eptrey AUdPY3MANbIK-KOHBEKTUBTIK ©3apa apeKeTTecy
MeXaHM3MAEPiH HaKTblAayFa XoHe TeXHONOrMANbIK npouecTepai OHTahnaHAablpy OO0MbIHWA YCbIHbICTAP
a3ipneyre MyMKiHAIK bepeai. 3epTTeyaiH aAicTemMeci mMaccaasnmacy YAepicTepiH caHablK moaenbagyaj,
TYPOYNEHTTINIK VIWiH k-w MoaeniH kaHe CtedaH-MakcBenn TeHaeynepiH KoNaaHyabl KaMTuabl. LLeKkapanbik,
WapTTap, ecenTey TOP/AApbl }aHe MOAeNbAEY MapaMeTp/iepi apanacybiH KypbIabIMAbIK epeKWweniktepi MmeH
KOHBEKTMBTI afblHAaApAbl AypbiC cunatray yuwiH 6enimaenreH. Herisri HaTuxkenep ANSYS  Fluent
HbafaapnamacbiHblH KOHBEKTMBTI afblHAAPAbl MoAenbAeyae TUiMAiniriH pactagsl. CaHAbIK ManiMeTTep
SKCMEPUMEHTTIK HITUXKENEPMEH XKaKCbl YNeceTiHi aHbIKTanapl. byn moaenbaiH, KOHBEKTWUBTI afblHAAPAbIH,
acepiH eckepe anaTblHAbIFbIH KepceTeai. 3epTreyaiH KyHablibiFbl — Anddy3na meH KOHBEKLMA apacbiHAaFbI
KMHETUKANbIK ©TyNepai CaHAbIK cunatTayfa MyMKiHAIK 6epeTiH Tacingi a3ipaey. -HymMbICTbIH MPaKTUKaAbIK MaHI
— KypAeni ra3 kymenepiHae apanacy npouecTepiH 3epTTey YIliH 23ipaeHreH aaictepadid, KonaaHbanbl KaHe
FbINIbIMM 3epTTeyNepae KONL4aHbly MyMKIHAIrHAE.

TyliH ce3nep: anddysma, KOHBEKLMA, KOMMNBIOTEPAIK MOAENbAEY.
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HekoTopble ocobeHHOCTM KOHBEKLUMKN Panea-Telinopa
NpY CMeLLEHUM NOEANbHbIX ra30BbiX CMECen

B cTaTbe paccmaTpuBaEeTCA KOMMbOTEPHOE MOoAennpoBaHne GOPMUPOBAHMA KOHBEKTMBHbBIX CTPYKTYP
NpY  M30TEPMUYECKOM CMELIEHUN TPEXKOMMOHEHTHOM ra30BOW CUCTEMbl HA OCHOBE YMC/AEHHbIX
3KCNepuMeHTOoB ¢ ncnonbsosaHnem ANSYS Fluent. Lienb paboTbl 3aK104AETCA B M3YYEHUM Nepexoa CUCTEMbI
M3 AMbPY3MOHHOTO peXMMa CMELEHWA B KOHBEKTWMBHbLIA WM aHanM3e YCTOMYMBOCTM MEXaHMYECKOro
PaBHOBECMA MHOTFOKOMMOHEHTHbIX FA30BbIX CMCTEM. HayyHaa M MpakTMYecKas 3HA4YMMOCTb MCCAedoBaHMA
CBA3aHa C MOHMMaHMEM CNOXHbIX MPOLLECCOB MacCOMepeHoCca, KOTOPbIE UIPaKOT BaXKHYK POab B MPUKAALHbIX
3a/a4ax TennodU3NKM, SHEPTETUKM U IKONOTUN. N3yYeHMe XapaKTePUCTUK NepexoaHblX MPOLLECCOB NO3BOASET
YTOUYHUTb MexaHn3mbl ANDPY3MOHHO-KOHBEKTUBHOMO B3aMMOAENCTBUA M pa3paboTaTb pekomeHaaunmn ans
ONTUMM3ALMM TEXHONOTMYECKNX NPOLECCOB.

MeToZon0rma mnccnefoBaHWA BKAKOYAET YUCAIEHHOE MOAEMPOBaHME MNPOLECCOB MaccomnepeHoca C
MCNosIb30BaHMEM Moaenn TypOyneHTHOCTUN k-w W ypaBHeHUI CtedaHa-MakcBenna. HacTpoMKM rpaHnYHbIX
YC/IOBWIA, PacyYeTHbIE CETKM M NapameTpbl MOAENMPOBaHMA BblN aAanTMPOBaHbI 419 aAeKBAaTHOIoO onmcaHus
CTPYKTYPHbIX OCODEHHOCTEN CMELLIEHMA M KOHBEKTMBHbIX NOTOKOB. OCHOBHbIE pe3y/bTaTbl NOATBEPKAAIOT
3ddEeKTMBHOCTL Mcnonb3oBaHMa ANSYS Fluent gna mMoaenMpoBaHMA KOHBEKTMBHbIX TedyeHWuM. bbiio
YCTQHOB/IEHO, YTO YMC/AEHHbIE AaHHble XOPOLWO COMMACyloTCA C 3KCMEPUMEHTANbHbIMM pe3y/ibTaTamMm, YTO
CBMAETENbCTBYET O CMOCOBHOCTM MOAENWN Y4YMUTbIBATb BAMAHME KOHBEKTMBHbIX MNOTOKOB. LleHHOCTb
NpoOBeAEHHOro WCCNeOBaHWA 3aktovaeTca B paspaboTke UMCAEHHOro noaxoda, MO3BOAAIOLLErO
KOJIMYECTBEHHO OMWCaTb KUMHETMYECcKMe nepexodpl mexay Anddysmen M KoHBeKumeln. [MpakTuyeckoe
3HayeHWe paboTbl 3aKAtoYaeTcA B MPUMEHMMOCTM pPa3paboTaHHbIX MEeToA0B AN M3YYeHWA MNpoLLeccoB
CMeLleHMA B C/IOMHbIX Fa30BbIX CUCTEMAX, YTO MOXKET BbiTb MCMOb30BAHO B TEXHONOMMYECKMX M HaYYHbIX

pa3paboTKax.

Kniouesble c/1oBa: Anddy3mnn, KOHBEKLMA, KOMMNbIOTEPHOE MOAENMPOBaHME.

Introduction

In multicomponent gas systems, a great variety
of mixing regimes is observed. The intensity of mass
transfer in such systems is usually determined by a
combination of molecular (diffusion) and convective
processes [1]. In practice, it is often underestimated
that molecular diffusion can lead to a violation of
mechanical equilibrium and initiate the development
of convective motions. These motions significantly
enhance mass transfer, which plays a key role in many
industrial and scientific applications.

Particular attention is paid to the emergence and
development of concentration convection, which is
associated with the distribution of gas components
and a significant enhancement of mass transfer. Such
phenomena are important both for fundamental
problems of Rayleigh-Taylor theory and for applied
studies related to the mixing of different gases under
stratified conditions. In particular, the study of the
stability and dynamics of multicomponent systems
allows a better understanding of the physical
processes that determine their behavior and transport
characteristics [2-3]. Practical problems related to the

study of diffusive and convective regimes are
particularly relevant in the context of the
development of efficient technological processes, as
well as in the modeling of natural phenomena. For
example, complex convective structures can arise in
multicomponent gas mixtures, which significantly
change the mass transfer conditions and lead to the
enhancement or suppression of individual mixing
processes [4-5].

The study of transitions from diffusive to
convective modes of mixing requires the use of
modern numerical methods and experimental
approaches. Numerical modeling allows us to identify
critical parameters at which mechanical equilibrium
is broken and stable convective flows are formed.
Experiments in real conditions confirm the data of
numerical calculations, providing a comprehensive
understanding of the ongoing processes [6-8]. Thus,
the study of the interaction between diffusion and
convection mechanisms in multicomponent gas
systems is an important step toward a deeper
understanding of mass transfer processes and the
creation of new effective technological solutions.
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Under isothermal conditions, the instability of
mechanical equilibrium of the system is determined
solely by the contribution of partial gradients of
components, which allows us to isolate the role of
diffusion mechanisms in pure form. The peculiarities
of instability occurrence in multicomponent diffusion
under isothermal conditions are considered in detail
in the review [9]. In [10-13] the evolution of mixing
in multicomponent systems caused by equilibrium
disturbance was studied. It was shown that the arising
convective currents promote synergetic amplification
of partial fluxes of components, which is not
characteristic for ordinary diffusion. In addition, the
parameters of the transition from the diffusive regime
to convective mixing were revealed. Experimental
studies [10], carried out using the two-flask method
[14-15], demonstrated that with increasing mixing
time, the probability of transition between the
diffusion-convection modes decreases, and the
observed kinetic transitions are characterized by
lower mixing intensity compared to the initial stage
of the process. However, the presented experimental
data do not provide a complete answer to this
guestion, since under the given conditions for the
studied mixtures the time of registration of partial
fluxes is of the order of thousands of seconds. By this
time, the transition “diffusion-convection” in the
systems studied in [10-13] could already be
completed, and developed convective flows were
recorded in the experiment.

The purpose of this study is to numerically
simulate the transition of the system from the
diffusive state to the convective state for a
multicomponent system, where the instability of
mechanical equilibrium is observed, using the
ANSYS Fluent software package [16]. Comparison
of the numerical simulation results with experimental
data is planned. It is expected that the analysis will
provide a better understanding of the mechanisms of
transition between diffusive and convective regimes
and provide recommendations for a more detailed
description of mixing processes in multicomponent
systems.

Problem statement and basic equations

Accurate determination of the moments of
change of convective mixing modes plays a key role
in assessing the influence of partial flows of
components on the overall mass transfer process. The
ANSYS Fluent software package, which allows
modeling of mass transfer processes in gas media,
was used for the numerical study. The main
advantages of this package include the ability to
perform three-dimensional calculations in models of
diffusion channels, as well as visualization of
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physical processes described by the selected system
of mathematical equations.

Figure 1 shows the scheme of the diffusion cell
(DC) wused in the two-flask apparatus, where
concentration measurements were performed to
analyze diffusive and convective types of mixing
[10]. The experimental technique allowed us to
record shadow images of structural formations as
shown in [16], which made it possible to promptly
determine the mixing type and compare it with the
results of computer modeling. In the process of
numerical modeling, it was assumed that at the initial
moment of time the upper chamber of the apparatus
was filled with a gas mixture differing in chemical
composition from the gas in the lower chamber. It
was also taken into account that at the initial moment
the density of the triple mixture decreases with height.
The investigated region of the model consists of three
main parts: the upper and lower cylinders and the
diffusion channel located between them. The cylinder
volumes were assumed to be the same 1, =
Viower = 55.6 X 1076 m?2 and the dimensions of the
diffusion channel are as follows: d=4 x 1073m —
diameter, L = 64 x 1073 m — height.

Figure 1 — 3D model of the diffusion cell and the
simulation area under study

Within the framework of this study, a combined mesh
model was used: the upper and lower cylinders were
discretized using triangular elements, and the
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diffusion channel was discretized using square
elements. This approach provides an efficient
adaptation to different geometrical features of the
system components.

The grid element size was chosen equal to 1 mm,
which is due to the need for a detailed description of
the geometry and to ensure convergence of the
numerical solution. The total number of grid elements
amounted to 402489, which confirms the high
resolving power of the model and allows to reproduce
reliably the key physical processes occurring in the
system.

The use of a combination of triangular and
square elements in the grid model allows achieving a
balance  between  modeling accuracy and
computational costs. Triangular elements applied in
cylindrical regions provide flexibility in adapting to
curved surfaces, while square elements in the channel
simplify calculations in regions with simpler
geometry. This approach is in line with modern
standards of computational mesh design, where the
choice of element type and size is determined by the

0

complexity of geometry and modeling accuracy
requirements.

Convective flows arising at disturbance of
mechanical equilibrium in the investigated system
constantly evolve. Moreover, the formation of
emerged flows can go through several stages of
development associated with: the growth of small
convective disturbances; nonlinear interaction of
disturbance modes; turbulent stage of instability
realization determined by the complex type of flow
and the appearance of vortex structures of different
scale; other features. To calculate partial fluxes of
components in the presence of convective currents of
different intensity, it is possible to apply a numerical
approach in the framework of the k - @ model of
turbulence [15].

The standard k - @ model, is a semi-empirical
model based on the model transport equations of
turbulence kinetic energy (k) and specific dissipation
rate (w), which can also be viewed as the ratio of ¢ to
k [16]. The turbulence kinetic energy k and the
specific dissipation rate w are obtained from the
following transport equations:

0 0 ok
a(pk)_’_&(pkui):_(rka)_’_Gk =Y +5.+G, 1)

OX.

]

]

0 0 0 ow
L (pa)+ L (pau) =20, C2Y 4G Y +S +G

In these equations, G represents the generation of
turbulence kinetic energy due to mean velocity
gradients, p is the density, and u; is the velocity
component along x;. G,, represents the generation of
w. Ty and T, represents the effective diffusivity of k
and w, respectively. Y, and Y,, define the dissipation
of k and w, respectively. S, and S, are initial
parameters defined by the user [16].

Effective diffusion coefficients for k - «w model are
given by the formulas

Ly zﬂ"‘i
O
)
r,=u+it
O

w

where g, and g, is turbulence Prandtl numbers for k
and w, respectively, characterizes the -effective
diffusion behavior of turbulent Kinetic energy
diffusion (k) and its dissipation rate (w). In this
model, they were set to fixed values: g, = 2 and
o, = 2. u is molecular viscosity, and turbulent

]

viscosity u;, is calculated by combining k and w as
follows:

« pK
f=a %. 3)

where a* is coefficient damping turbulent viscosity
and having constant value a* = 1 [16].

The addition of a transport equation is required to
determine the mixing parameters in the DC. The
conservation equation represents the relations for
convective diffusion, with which the local mass
fraction Y; of each substance i can be predicted, and is
defined as follows:

L (PN +VH (W) =-V-I +R 45, (@)

N

In which p is mixture’s density, v is velocity of
diffusing substances, R; is rate of formation of n as a
result of a chemical reaction, and S; represents any
sources defined by the user. The last two terms in the
right-hand side were not considered in this work
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because chemical reactions and additional sources
were not available in the studies [10 - 13]. J; is is the
diffusion flux of a particular substance i, which for
the density and temperature gradient can be
calculated by the formula,

— VT
Ji =—(pDi,, +éu_ct)VYi —Dx; T (®)

t

where p, is turbulence viscosity, but Sc; is turbulent
Schmidt number, calculated as Sc, = :Tf, where D, is
t

turbulence diffusion coefficient. Sc, default value is

0,7. Dj,, is the mass diffusion coefficient for
substance i in the mixture, Dy ; is thermal diffusion
coefficient for substance i in the mixture, T is
temperature. The last term in the equation was not
considered, since the isothermal type of mixing was
considered in this paper. We also note that turbulent
diffusion generally outperforms molecular diffusion,
and a detailed description of molecular diffusion
properties (e.g., the concentration dependence of the
diffusion coefficient D;;) in turbulent flows is
generally not required.

For multicomponent systems the Stefan-
Maxwell equations [16] will be used in the form of

NOXX VT XX, D, D,
Z D J(Vj—V.)=di_?_ D L1y, (6)
i1 Y it Y P Pi

where X is mole fraction, ¥ is diffusion rate, D;; is
binary mass diffusion coefficient of substance i to
substance j. By the same way as equation (5), the
calculations were performed under the assumption of
isothermality, so the temperature gradient is zero and,
accordingly, the last term in equation (6) was not
taken into account.

The binary diffusion coefficient D;; s
determined within the framework of the Chapman-
Enskog kinetic approximation [16]:

5 1 1 1/2
[T+ )]

D. =0.00186 Wl W )
: pabSO-ij?QD

where, M,, is molar weight (g/mole), T is temperature
(K), paps Is absolute pressure (atm), 0, is
dimensionless integral of diffusion collision, which is
a measure of interaction of molecules in the system.

Setup algorithm

The pressure-based coupled algorithm handles
the momentum and pressure-based continuity
equations together as a single system. Unlike the
segregated approach, where solving momentum
equations and updating pressure corrections are
separate steps, the coupled method combines these
into a single operation. The remaining equations are
still solved independently, similar to the segregated
approach [16].

With the coupled algorithm, each iteration
consists of the steps outlined below:

1. Update the fluid properties, such as density,
viscosity, and specific heat, based on the current
solution state. This also includes recalculating
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J#i

turbulent viscosity (or diffusivity) to ensure accurate
simulation of flow dynamics.

2. Solve the momentum equations, one after
another, using the recently updated values of pressure
and face mass fluxes.

3. Solve the pressure correction equation using
the recently obtained velocity field and the mass-flux.

4. Correct face mass fluxes, pressure, and the
velocity field using the pressure correction obtained
from Step 3.

5. Solve the equations for additional scalars, if
any, such as turbulent quantities, energy, species, and
radiation intensity using the current values of the
solution variables.

6. Update the source terms arising from the
interactions among different phases (for example,
source term for the carrier phase due to discrete
particles).

7. Check for the convergence of the equations.

Ansys Fluent provides several methods for
interpolating pressure values at the cell faces. By
default, the Second Order scheme is used. However,
for mixture or VOF multiphase simulations, the
default changes to PRESTO! for improved accuracy.
The Second Order scheme reconstructs the face
pressure using a central differencing scheme. The
pressure values at the faces are given by:

1 oo . ;
P :E(ch + Pcl)+5(vp°o.r°° +VP01-I’01) -(®)

The SIMPLE algorithm establishes a connection
between velocity and pressure corrections to ensure
mass conservation, allowing for the accurate
calculation of the pressure field.

If the momentum equation is solved using an
initial guessed pressure field, the resulting face flux
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may be inaccurate and require corrections to achieve
mass conservation and accurate flow predictions.

Jp=Jr+di(p, —p))- ©)

To address this issue, a correction term is added to the
face flux. This adjustment ensures that the corrected

face flux satisfies the continuity equation,
maintaining mass conservation in the flow
simulation.

Jo =37 +J,. (10)

The SIMPLE algorithm assumes that the corrected
face flux can be expressed as a combination of the
initial flux and a correction term:

Jo=di(p,-p). (11)

The SIMPLE algorithm inserts the flux correction
equations (10)-(11) into the discrete continuity
equation. This process leads to a discrete equation
that solves for the pressure correction in each cell,

ensuring that mass conservation is satisfied
throughout the domain [16].
a,p =Y a,p,+b. (12)
nb

where the source term is the net flow rate into the
cell:

N faces

b=>Y JiA . (13)
f

The pressure-correction equation (11) can be
efficiently solved using the algebraic multigrid
(AMG) method outlined in the Algebraic Multigrid
(AMG) section. After obtaining the solution,
corrections are applied to both the cell pressure and
face flux to improve the accuracy of the flow field and
ensure mass conservation.

p=p +a,p,
(14)
Jy=J3i+d(p,—p,).

The parameter a, represents the under-relaxation
factor for pressure, which helps stabilize the solution
process. With this correction, the face flux ensures
that the discrete continuity equation is fully satisfied

at each iteration, improving convergence and solution
accuracy.

When working with ANSYS Fluent program it
is necessary to adjust all parameters so that the
program works both efficiently and accurately
enough. For this purpose, below are the steps in which
the settings were changed.

e Physics: — Energy (on)
- Turbulence (Standard k-« model)
- Create or edit materials (add He, Ar, Ny)
- Species (Species Transport)

- Boundaries (Operating pressure,
temperature and density; define wall as a
steel)

e Solutions: — Residuals (set all to 107°)
- Methods (Scheme — Simple)
- Initialize (patch pressure, temperature,
mole fractions)
- Report definitions — creating plot of mole
fractions depending on time
e Results: Contours (creating heavy element’s
contour of mixing)

Following these parameters, it is possible to

model the mixing of multicomponent gas mixtures
with sufficiently high accuracy at a given geometry
and thermophysical parameters.
Let us analyze the mixing conditions corresponding
to the positive density gradient of the mixture (Fig.
1), assuming the location of the heavier in density
binary mixture in the upper chamber of the diffusion
cell, and the lighter (in density) gas is in the lower
flask. This configuration fully corresponds to the
conditions used in real experiments. All physical and
chemical parameters of the gases used were
considered constant and were taken from the ANSYS
2024 R2 chemical library [16].

Since the apparatus is a closed system, the
boundary conditions were set as impermeability
conditions, which eliminates the possibility of mass
transfer across the system boundaries. This ensures
that there is no inflow or outflow of components from
or into the external environment. Thermal boundary
conditions were applied to create isothermal mixing
conditions and the boundaries of the apparatus were
defined as a solid stainless steel surface. The material
properties were taken from the ANSYS 2024 R2
library [16].

A pressure-based solver was used for all models.
The relationship between pressure and velocity was
provided using the simple scheme specified earlier.
Within the framework of spatial discretization, the
computational fluid dynamics (CFD) equations were
solved using the methods presented in Table 1, which
have been shown to be highly effective in [11].
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Table 1 - Solution methods

Quantity Discretization
Gradient Least Square Cell Based
Pressure Second order
Momentum Second Order Upwind
Turbulent .
Kinetic Energy Second Order Upwind
Specific .
Dissipation Rate Second Order Upwind
Pseudo Time
Method off
Tran3|er_1t Second Order Implicit
Formulation

These parameters refer to the numerical solution
settings in the ANSY'S Fluent software package and
describe the discretization methods, approximation
and algorithms used to solve the equations during the
calculations. Each of these methods is aimed at
minimizing numerical errors in the simulation of
diffusive and turbulent flows, including cases with
significant partial gradients and complex geometry of

diffusion channels. The chosen combination of
methods and discretization parameters provides an
optimal balance between calculation accuracy and
computational efficiency, which is especially
important for problems related to the joint influence
of diffusion and convection. This makes them the
most suitable for solving the problem at hand.

Computer modeling results

Table 2 shows experimental and calculated
values of component concentrations obtained under
the assumption of diffusive transport, as well as
partial concentrations calculated using the ANSYS
Fluent program for the case of combined transport.
The table shows that the results of numerical
simulation are in good agreement with the
experimental data, which confirms the ability of the
program to take into account the influence of
convective processes on the system. At the same time,
theoretical calculations performed within the
diffusion model based on the Stefan-Maxwell
formula do not reflect such effects.

Table 2 — Amount of diffusing gas from one flask to another as a function of experimental pressure

0.232 He + 0.768 Ar — N2 (T=298 K, t=20 min)

Stefan-Maxwell analysis Experiment [8] Ansys Fluent
prﬁ/sl‘;l;re’ He Ar N2 He Ar N2 He Ar N2
0.829 0.0117 0.0094 0.0211 0.0680 0.1234 0.1944 0.081 0.113 0.1894
1.074 0.0092 0.0073 0.0164 0.0588 0.1850 0.2438 0.037 0.157 0.188
2.055 0.0049 0.0038 0.0087 0.1352 0.2089 0.3441 0.1090 0.2653 0.3393
0.098 He + 0.902 Ar — N2 (T=298 K, t=20 min)
Stefan-Maxwell analysis Experiment [8] Ansys Fluent
prﬁ/sl‘;l;re’ He Ar N2 He Ar N2 He Ar N2
0.829 0.0050 0.0128 0.0178 0.0869 0.1840 0.2709 0.017 0.2096 0.2367
1.074 0.0038 0.0098 0.0132 0.0368 0.2472 0.2840 0.0217 0.2376 0.2455
2.055 0.0021 0.0052 0.0072 0.0565 0.2411 0.2975 0.0289 0.2856 0.3125
0.299 He + 0.701 Ar — N2 (T=298 K, t=20 min)
Stefan-Maxwell analysis Experiment [8] Ansys Fluent
Prﬁj‘;‘ge’ He Ar N, He Ar N2 He Ar N2
0.829 0.0151 0.0079 0.0230 0.0252 0.0692 0.1927 0.0262 0.0608 0.0399
1.074 0.0118 0.0061 0.0179 0.0465 0.1462 0.2594 0.0270 0.0910 0.1391
2.055 0.0063 0.0032 0.0095 0.0866 0.1924 0.2790 0.0497 0.1395 0.1881

The average deviation between numerical and
experimental data for all gases is about 21%. But if
you look at each number clearly, you can see that
individual measurements exceed 40% in some places.
This is especially repeated for the light component in
the mixture - this may be due, of course, to the non-
ideality of the program calculation, as well as to the
fact that the molecular weight, viscosity and other
parameters of the component differ from the real
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values. But, nevertheless, this table and calculations
testify to the possibility of quantitative estimation of
partial fluxes of components arising at violation of
mechanical equilibrium of the system. At the same
time, the discrepancy between experimental data and
calculations performed within the diffusion model
can reach hundreds of percent and more, which
confirms the presence of convective currents in the
system.
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Figure 2 — Convective structures formed in the diffusion channel for the system 0.232 He + 0.768 Ar — N; at
p=1.074 MPa, T=298 K, t=20 min: a) t=6 min; b) t=9 min; c) t=18 min; d) Concentration scale for cases (a),
(b) and (c) describing numerical values of colors

One can also observe the evolution of the
formation of convective structures at mixing of this
system in Figure 2. As can be seen in Figure 2a clearly
shows the beginning of instability of mechanical
equilibrium, at which the bending of isoconcentration
line appears. Figure 2b shows the beginning of
intensive transition of the heavy component from the
upper flask to the lower flask through the diffusion
channel. And on Figure 2c already established
convective flow in the form of convective thread
connecting the two flasks, through which the gas is
transferred.

Conclusion

Based on the experimental study of convective
mixing of an isothermal ternary mixture of helium-
argon-nitrogen, numerical studies using ANSYS
Fluent were carried out. These studies showed high
accuracy in describing the processes of combined
mass transfer. Comparison of calculated data with
experimental data confirmed the adequacy of the used
model for complex systems of multicomponent
mixing.

The studies have shown the possibility of
guantitative determination of Kkinetic transitions
between different types of convective mixing.
Characteristic times for a new type of mixing were

determined. The identified stages, including
diffusion, formation of convective flows and their
further evolution, confirm the existence of complex
dynamics of mass transfer processes. The application
of ANSYS Fluent allows effective modeling of
structural features of flows, such as upward and
downward convective flows, and their interaction.
This makes this software package a promising tool for
the study of combined mass transfer processes under
isothermal conditions.

Numerical results show that, with proper
adjustment of initial and boundary conditions,
ANSYS Fluent can account for the effects of all key
parameters, including density gradients, initial
composition, pressure, temperature, and geometric
characteristics of the diffusion channel, which is
confirmed by adequate reproduction of experimental
data. The proposed approaches and models can be
recommended for applied research aimed at
optimizing technological processes related to
convective and diffusive mechanisms of mass
transfer.
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COMPARATIVE ANALYSIS OF CLOUD AND FOG COMPUTING
PERFORMANCE BASED ON MODELING

This study presents a comparative performance analysis of cloud and fog computing architectures based
on simulation modeling. Cloud computing offers numerous advantages, including scalability, on-demand
resource allocation, simplified deployment of applications and services. However, this evolution critically
depends on efficient data transmission - a domain where principles of radio physics, such as signal
propagation, interference management, and channel optimization, play a pivotal role. Fog computing extends
cloud capabilities to the network edge, enabling localized processing and reducing response time. Using the
Eclipse IDE and Java, two network models were developed to analyze key metrics: energy consumption,
transmission delay, and network traffic under varying node topologies. The simulation results show that fog
computing significantly reduces latency and distributes energy consumption more efficiently than traditional
cloud systems. Correlation matrix analysis reveals that while latency and energy usage in cloud systems
increase sharply with the number of devices, fog architectures exhibit better scalability and resilience. These
findings highlight fog computing as a viable solution for real-time and loT applications requiring low-latency
responses and efficient resource distribution.

Keywords: cloud technology, fog computing, performance, comparative analysis Eclipse.
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Mogaenbagy apKpiabl OYNT XKaHe TYMaH ecenTeynepAiH, eHiMAjNiriH canbiCTbipmanbl Tanaay

Byn 3epTrey CMMyNAUMANBLIK  MOAeNbAeyre HerisgenreH OyATTbl KaHe TyMaHAbl ecenteynep
APXUTEKTYPACBIHbIH, CaNbICTbIPMasibl OHIMAINITIH Tan4ayabl YCbiHAaAbl. BynTTbIK ecenTeynep ayKblMAbIIbIKTbI,
cypaHbic BoMblHWa pecypcTapapl 6enyai, konaaHbanap MeH Kbi3MeTTepAi OHannaTblAfaH OpPHaNacTbipydbl
KOCa anfaHaa, KenTereH apTbiKWbIAbIKTApAbl YCbiHAAbl. [ereHMeH, 6yn 3BoaoUMA AepekTepai Thimai
TacbiMangayfa, AFHWM CUrHaAAbIH, Tapanybl, Keaeprinepai 6ackapy *KaHe apHaHbl OHTaMNaHABIPY CUAKTLI
pagnodmanKa NPUHLMNTEPI Wellywi pen aTKapaTblH Cananapfa ete Tayendi. TyMmaHAbIK ecenTeynep 6yNTTbIH,
MYMKIHZIKTEPIH Keni WeTiHe AeliH KeHelTeni, NoKanm3aumanaHFaH eHaeyai KaMTamMacbl3 eTefl *KaHe Kayan
Hepy yaKbITblH KbickapTazbl. Eclipse IDE »kaHe Java KemerimeH Herisri eHiMAINIK KepceTKiWwTepiH Tanaay yuwiH
eKi eni momeni a3ipfeHAi: KyaTTbl TyTbiHYy, Bepy Kigipici *KaHe apTypAi TyWiH Tonosnoruanapsl 6oMbIHWA
Keninik Tpaduk. Mogenbaey HaTUKenepi TyMmaHabl ecenTtey Kifipictepai anTap/blKTali a3alTaTbiHbIH sKaHe
O2CTYpNi  BYNTTbIK  KyMenepre KapafaHAa 3SHepPrusHbl TyTbiHYAbl TUiMAipek 6GeneTiHiH KepceTen,.
Koppenaumanbik maTpuuanslk Tangay OyaTTbIK Kylenepaeri Kidipic NeH KyaT TyTbIHY KYPblafblnapabiH CaHbiHa
Kapal KypT ecKeHiMeH, TYMaHAbIK apXMTEKTypanap *KaKcblpak, ayKbIMAbIAbIK NEH TYPaKTbIbIKTbl KepceTed,.
Byn HaTUXKenep TyMaHAbl ecenTeyi HaKTbl YaKbITTafbl }KaHe TOMEH KiZipic XayanTapblH XaHe pecypcTapas!
Tmimai 6enyai kaxkeT eTeTiH loT KongaHbanapbl YIWiH emipLIeH, WelLliMm peTiHae KepceTea,.

TyliH ce3nep: bynTTbl ecenTeynep, TYMaHAbl ecenteyaep, eHimainik, Eclipse canbicTbipmansl Tangay.
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CpaBHMTEJ'IbeIﬁ dHa/In3 NponssoauUTE/IbHOCTU 061a4HbIX U TYMaHHbIX BblYUCNEHUN
Ha OCHOBE MOAENNPOBaHNA

B aTol paboTe npeacTaBaeH CpPaBHUTE/bHbIA aHAAN3 NPOM3BOAMUTELHOCTM apPXMTEKTYP 0OaaYHbIX U
TYMaHHbIX BbIYMC/IEHNIN HA OCHOBE MMMUTALMOHHOIO MoAennmpoBaHmna. ObnavHble BbIYMCAEHUA NpednaratoT
MHOTrO4YMCAEHHbIE MPENMYLLLECTBA, BKIOYAA MacluTabupyemocTb, pacnpeaeneHmne pecypcos no TpebosaHmio,
YyNpPOLLEHHOE pa3BepTbiBaHME MNPUAOKEHW K ycayr. OgHako 3Ta 3BOMOLMA KPUTUYECKWM 3aBUCUT OT
adPeKTUBHOM Nepenadn faHHblX, T.e. 061aCTU, rae NPUHLUMMLI PagMoPU3MKKM, TakMe KaK pacnpocTpaHeHue
CUrHana, ynpaBaeHMe Nomexamu 1 oNTUMM3ALMA KaHana, UrpatoT KAOYEBYHO POJb. TYMaHHbIE BblYMCNEHNA
PacWMPAT BO3MOXKHOCTM 0B1aKa A0 rpaHMLbl ceTu, obecneumBan NOKaANM30BaHHY0 06paboTKy M COKpallas
Bpemsa oTKAMKa. Mcnonb3ya Eclipse IDE u Java, 6bian pa3paboTaHbl ABe ceTeBble MOAENAN ANA aHa/iM3a
KNloYeBbIX MOKasaTenen: aHepronoTpebneHne, 3afeprkka nepenadnm M ceTeBoi TpaduK Npu PasMYHbIX
TONONOMMAX Yy310B. Pe3ynbTaTbl MOAE/NMPOBAHMA MOKa3bIBAKOT, YTO TYMaHHbIE BbIYMCAEHWA 3HAYUTENbHO
COKpALLAOT 3a4epKKy M pacnpenenstoT sHepronoTpebneHne 6onee 3PpOeKTUBHO, YeM TPAAMLMOHHbIE
obnayHble cUcTeMbl. AHaAAM3  KOPPENAUMOHHOM MaTpMUpbl MOKa3blBAET, YTO, XOTA 334epKa W
aHepronotpebneHne B 0OMAYHBIX CUCTEMAX PE3KO BO3PACTAtOT C KOMIMYECTBOM YCTPOMCTB, TYMaHHble
APXUTEKTYPbI IEMOHCTPMPYHIOT /IyYLLIYIO MaclITabMpyeMoCTb M YCTOMYMBOCTb. DTN pe3yabTaTbl NOAYEPKMBAIOT
TYMaHHble BbIYUC/IEHUA KaK XM3HecrnocobHoe pelleHne ANA MPUNOMKEHWI peanbHOro BpemeHn u |oT,

TpebyoLmMxX OTBETOB C HU3KOM 3a4ePKKoN 1 3PpGEKTUBHOIO pacrnpene/ieHna Pecypcos.
Kniouesble cNoBa: 061a4Hble TEXHONOTMK, TYMaHHbIe TEXHONOMMU, MPON3BOANTENIbHOCTb, CPAaBHUTE/bHbIN

aHanus Eclipse.
Introduction

Today’s computing paradigms have evolved
from distributed parallel computing to network-based
and cloud computing. Cloud computing offers
numerous advantages, including scalability, on-
demand resource allocation, reduced management
effort, a flexible pay-as-you-go pricing model, and
simplified application and service deployment [1-3].
However, the behavior of these complex systems can
exhibit non-linear characteristics, particularly under
high load or in unpredictable network conditions.
Cloud computing is now widely adopted across
various industries, including  manufacturing,
healthcare, telecommunications, and finance.
However, despite its extensive use, cloud computing
still has certain limitations.

One fundamental limitation of cloud computing
is the connectivity constraint between the cloud and
end-user devices. This connection is established via
the Internet, which is not always suitable for cloud
applications that require low latency [3]. Examples of
such applications include connected vehicles,
wildfire detection and suppression, smart grids, and
content delivery [4-6]. Additionally, cloud
applications are often distributed and composed of
multiple components [7]. As a result, certain
components may be deployed across different cloud

environments (e.g [8-10]), increasing latency due to
overhead associated with inter-cloud communication.

Fog computing (FC) has emerged as a
computational paradigm designed to address these
challenges [11]. The concept is actively promoted by
the OpenFog Consortium, which has released several
official documents on the topic [12]. FC is often
referred to as “the cloud closer to the ground”, as it
extends the traditional cloud architecture to the
network edge. In this model, latency-sensitive
components can be processed at the network
periphery, while non-time-sensitive and resource-
intensive components remain in the cloud. Figure 1
illustrates the core advantages of FC.

Thus, FC represents a promising approach to
overcoming existing limitations of cloud-based
solutions. While it has traditionally been discussed in
the context of the Internet of Things (loT), its
applicability extends to a broader range of use cases,

including  industrial ~ automation, intelligent
transportation systems, and distributed monitoring
systems [11-12]. However, several challenges

remain, such as the development of unified standards,
efficient management of distributed resources, and
ensuring data security. Future research should focus
on optimizing resource allocation between cloud and
fog nodes, as well as refining coordination
mechanisms across different computing layers.
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[ FOG COMPUTING ]

Reduced Latency

- Real-time processing
Fast responce

Enhanced Security and Privacy

- Local data processing
- Fewer leads

Efficient Network Utilization
- Load balancing
- Less data sent to cloud
Flexible Deployment

- Edge node placement
- Scalable setup

Figure 1 — Key advantages of Fog Computing

When designing cloud and computing systems, it is
crucial to develop an optimal routing system that can
dynamically adapt to varying network conditions and
security requirements. An essential aspect of this
process is achieving an optimal balance between
resource distribution and minimizing the number of
network nodes, which directly impacts the energy
efficiency of the system [13-14].

Among the primary factors influencing system
performance are network traffic characteristics. In
cloud-centric models, frequent data transmissions to
remote servers can increase latency. Conversely, fog
computing facilitates edge processing, reducing
delays but demanding efficient load distribution
across fog nodes.

A comparative performance evaluation of cloud
and fog computing requires simulation-driven
modeling of real-world scenarios, including load
balancing, power consumption, and transmission
delay analysis. Addressing these aspects — energy
efficiency, traffic  reduction, and latency
minimization — is paramount in selecting the most
appropriate computational architecture for a given
application context.

Problem Statement

This study aims to improve the deployment
efficiency and performance of distributed systems by
utilizing fog computing technologies. While cloud
computing offers significant benefits, its limitations,
particularly those related to latency and resource
allocation, require exploration of alternative
paradigms. Fog computing, with its capability to
process data closer to the source, represents a
promising solution.

122

The central goal of this research is to perform a
comparative analysis of cloud and fog computing in
terms of energy consumption, network traffic, and
latency. These metrics are evaluated with respect to
different network topologies and varying numbers of
nodes to determine the scalability and adaptability of
each computing model.

To ensure reproducibility and accuracy, all
experiments will be conducted using the Java
programming language within the Eclipse integrated
development environment. The results of this
modeling-based study will provide a foundation for
designing more efficient, responsive, and sustainable
computing infrastructures.

Methods

To simulate and evaluate the performance of
cloud and fog computing architectures, we develop a
series of experiments using the Java programming
language within the Eclipse integrated development
environment (IDE) [15]. Java offers robust libraries
for concurrent and network-based programming,
making it well-suited for modeling distributed
computing systems.

Eclipse was chosen due to its comprehensive
support for modular development, debugging tools,
and integration with external simulation libraries. The
modeling  environment allows for flexible
configuration of network topologies, node behaviors,
and communication patterns, which is essential for
accurately assessing system performance under
different conditions.

The experimental setup involves simulating
various network configurations to analyze how key
performance metrics — such as energy consumption,
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traffic volume, and data transmission delay — respond
to changes in system topology and node count.

To evaluate the performance differences
between cloud and fog computing systems, we
developed a simulation model representing typical
data transmission scenarios. The architecture includes
two core variants: a cloud-based system (Fig.2) and
dog-enhanced system (Fig.3). Both models simulate
message flow from sensors to a processing server and
back to an actuator, thus completing a closed
feedback control loop.

In the modeled systems, sensor nodes serve as
data sources, periodically sending measurements to a
central server for processing and decision-making.
After performing predictive analysis or control logic,
the server returns commands to end-user devices
connected to actuators. These operations are
computationally intensive and typically require the
power of remote cloud servers. However,
transmitting large volumes of data to remote cloud
centers introduced noticeable latency, which may be
unacceptable for real-time or latency-sensitive
applications. To mitigate this, the fog-based model
introduces intermediate processing nodes — fog
servers — positioned closer to the data sources. These
fog nodes perform preliminary data processing and
reduce the load on cloud servers by transmitting only
aggregated or refined data upstream.

Figure 2 illustrates the architecture of the cloud
computing system. It consists of multiple sensor
devices (D1, D2, ..., D10), a central router, and a
remote cloud server. Data flows upward from the
sensors to the router and then to the server. In the fog
computing variant (Fig.3), additional fog nodes are
placed between the sensors and the cloud, enabling
edge-level computation and reducing end-to-end
latency. Data from sensors D1, D2, and D3 are sent
to fog server Fogl, data from sensors D4, D5, D6 are
sent to fog server Fog 2, data from sensors D7, D8,
D9 are sent to fog server Fog 3 respectively. The
number of branches coming from fog servers can be
increased, however, as the number of devices
increases, the delay of data packets will increase.
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Figure 3 — Fog Computing System Architecture

This simulation setup allows for controlled
analysis of how varying network topologies and the
number of nodes affect energy efficiency, data traffic,
and system responsiveness in both architectures. This
scheme was also tested for the degree of optimality of
systems using fog technologies [16].

Results and Discussion

The input parameters used in the simulation for the
cloud computing architecture are presented in
Table 1.

Table 1. Simulation Parameters for Cloud
Computing

Parameter Cloud Router
Server

MIPS 44 800 2800

RAM (Mb) 40 000 4000

Uplink Bandwidth (Mb) 100 10 000

Downlink Bandwidth (Mb) 10 000 10 000

Level 0 1

Power in Active 16-103 107.339

Transmission (W)

Power in Idle Mode (W) 16-83.25 83.43

=

.-

Figure 2 — Cloud Computing System Architecture

These parameters include computing capacity in
MIPS (Million Instructions Per Second), memory
(RAM), uplink and downlink bandwidths, network
hierarchy level, as well as power consumption in both
active and idle modes. The input values for the fog
computing simulation are listed in Table 2.

The last two rows in Tables 1 and 2 represent the
power consumption of devices under two operational
modes: transmission and idle. For the cloud server,
the idle power consumption is indicated as 16x83.25
W, which equals 1332 W. This value assumes that the
cloud data center comprises 16 identical units, each
consuming 83.25 watts in idle mode. Similarly, the
transmission power is calculated as 16x103 W,
yielding a total of 1648 W. These aggregated power
values reflect a more realistic representation of
energy usage in large-scale cloud infrastructures,
where multiple servers operate simultaneously.
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Table 2. Simulation Parameters for Fog Computing

Parameter Cloud Server  Proxy Server Cloud Server
MIPS 44 800 2 800 2800
RAM (Mb) 40 000 4000 4000
Uplink Bandwidth (Mb) 100 10 000 10 000
Downlink Bandwidth (Mb) 10 000 10 000 10 000
Level 0 1 2
Power in Active Transmission (W) 16-103 107.339 107.339
Power in Idle Mode (W) 16-83.25 83.43 83.43
This approach ensures that simulation computing network. The correlation values range

parameters better approximate real-world scenarios
and enables more accurate performance and energy-
efficiency comparisons between cloud and fog
computing models. Further analysis compares these
parameters with those obtained for fog computing
architectures, in order to identify potential benefits in
responsiveness and resource efficiency. The results of
the simulations are used to assess the scalability and
performance trade-offs between the two models
under varying network loads.

Next, a correlation matrix for the cloud network
was constructed. A correlation matrix is a table
showing the correlation coefficients between several
variables [17]. Each element of this matrix reflects the
degree of linear dependence between two variables.
Using correlation analysis helps identify the most
sensitive performance indicators and can be
beneficial for optimizing the distribution of
computational tasks between cloud and fog resources.

Figure 4 presents a heatmap of the Pearson
correlation matrix, illustrating the relationships
between various performance metrics in a cloud

Number of fog servers
t latency 10
t latency 32
tlatency a
Power PO idle
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Power P2 idle
Power P3 idle
TL Total latency [
E cloud
Total E fog

Iotal E device

gevices
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— At At ot et
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Number of
Total numbe

or PO busy

Power PO idle
Power P1 busy

from 0.4 to 1.0, with darker shades representing
stronger positive correlations. The analysis reveals
that parameters such as total latency (TL Total
latency), energy consumption of the cloud server (E
cloud), total energy consumption of fog nodes (Total
E fog), total energy consumption of end devices
(Total E device), and total network usage show a high
degree of correlation with the number of devices and
the number of fog servers. This indicates that as the
number of connected devices increases, system load
also increases in terms of computation, energy
consumption, and network utilization.

The same network parameters for fog computing
systems were considered. Figure 5 displays the
Pearson correlation matrix [18] visualized as a
heatmap, representing the relationships among
different performance indicators in the fog computing
network. Unlike the cloud architecture, this matrix
shows a broader variation in correlations, including
both strong and weak dependencies between
parameters.
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Figure 4 — Correlation matrix for the cloud-based network
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Notably, the “Total numbers of devices” is
strongly positively correlated with “Total network
usage” and “Total energy consumption (E Total)”,
indicating that an increase in connected devices leads
to higher load on network bandwidth and energy
demands across the system. However, is minimal or
even negative correlation between the number of
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devices and latency metrics such as “t latency 21 and
“t latency 43”, which refer to the time delay from
node 2 to 1 and from 4 to 3, respectively. This
suggests that in fog-based architecture, localized data
processing can help reduce the impact of network size
on transmission delays.
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Figure 5 — Correlation matrix for the fog computing network

The energy consumption at individual
components (such as E proxy, E1 fog, and E1 device)
varied correlations with power usage at fog servers
(Power PO busy to Power P3 busy), emphasizing the
distributions nature of energy demands in fog
environments. Moreover, the correlation of total
energy usage with power metrics highlights that fog
nodes play a critical role in balancing energy
efficiency and latency.

Overall, this matrix provides valuable insight
into the dynamics of fog computing and its
effectiveness in decentralizing computing resources,
thereby reducing latency while maintaining energy
performance.

The correlation matrices in Figures 4 and 5
reveal notable differences in system behavior
between cloud and fog computing architectures.

1. Latency Correlation:

Cloud: Latency values exhibit a high positive
correlation with the total number of devices and
network usage. This indicates that as the network
scales, latency increases significantly.

Fog: Latency shows weak or even negative
correlation with device count, demonstrating better
scalability and responsiveness due to distributed data
processing at fog nodes.

2. Energy Consumption:
Cloud: Total energy consumption is strongly
correlated with cloud server activity and device
count, reflecting centralized energy load.
Fog: Energy consumption is distributed among proxy
and fog nodes, with diverse correlations depending on
the node and network structure.

3. Network Usage:
Cloud: Highly dependent on the number of devices
and directly affects latency.
Fog: Still correlated with device count but less impact
on latency, suggesting better bandwidth optimization.

4. Scalability:
Cloud: Performance declines (higher latency and
energy use) with network growth.
Fog: More scalable due to localized processing,
reducing global traffic and delays.

These results can be conveniently presented in the
form of a comparative Table 3.
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Table 3. Summary Table: Correlation Analysis Insights

| Metric |

Cloud Computing H

Fog Computing |

|Latency vs Devices

|[Strong positive correlation

|[Weak or no correlation |

Energy vs Devices

Strong correlation to centralized cloud node

Distributed correlation (proxy, fog
nodes)

[Network Usage vs Devices

|[Strong positive correlation

|[Moderate correlation |

Latency vs Network Usage ||High correlation

|[Low to moderate correlation |

|Energy Distribution

||Centralized (cloud and router)

|[Decentralized (fog and proxy nodes) |

Scalability Limited due to latency and energy increase Higher §calab|I|ty due to localized
processing
Conclusion
specifically focusing on dynamic spectrum

In conclusion, this study has demonstrated the
performance advantages of fog computing over cloud
computing in terms of latency, energy consumption,
and network efficiency. These improvements are
critical for supporting real-time applications and the
growing demands of loT. Future work should
investigate the optimization of fog computing
architectures from the perspective of radio physics,

allocation, adaptive modulation techniques, and
energy-efficient wireless transmission protocols to
further enhance performance and scalability.
Furthermore, the principles of radio wave
propagation modeling can be integrated into the
simulation models to provide more realistic
evaluations of fog computing deployments in diverse
environments.
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HEP KbIPTbICbIHbIH MTPABUTALUMACHI )oHE OHbIH, CUTTATTAMA/IAPHI

Kasipri yakblTTa Mep KoHe KyH KyMeciHiH rpaBUTaUMANbBIK ©pICiHIH MNapameTp/iepi KaH-KaKTbl
3epTTenreH. MepaiH, ilKi KblPTbICbIHbIH, rPaBUTALMACLIHBIH, GU3MKAJbIK 3aHAbIIbIKTAPbI KY3A4ETeH Kblaaap
60oMbl 3epTTeNin Keace Ae ani Ae TONbIK WelliMmiH TankaH Kok, Makanana epaiH, 6eTiHEH OHbIH, LEHTPiHE
OEeNiHT KbIpTbICTapAblH, Kelbip dU3nKanblk cMnaTTamanapbl KapacTbipbiafaH. COHFbl YaKbITTafbl XKacajfaH
reodmsmKanblk, 3epTTeynepaiH, HaTuKenepiHe cyMeHe oOTbipbin  MKepaiH TepeHAiriHe 6alnaHbICTbl
rpaBUTaLMANBIK BPICTiH, Kelbip napameTpnepiHiH, (KepHeynik (ayblp/blk KYLWiHiH, yaeyi), Mep KblpTbICbIHbIH,
TbIfbI3bIFbl KIHE KbICbIMbI) KYbIKTAM ajblHFaH MIHAEPIH aHbIKTayFa apHaAfaH KenTereH 3KCNepUMEHTTIK
MNIMETTEp Heri3iHAe KecTe Kacanapl.

ep KblpTbICbIHbIH TEPEHAKKe HaMNaHbICTbl OHbIH, TbiFbI3AbIFbIHbIH, KbICbIMbIHbIH, *KaHE aybIp/bIK, KL
YAEYiHIH TeopuanblK MoOLenbAepi Kacanabl. TeopuAanblK MOAENbAep CbI3bIKTbIK perpeccusa  atTbl
MaTeMaTUKabIK d4iC KemerimeH Kypblagsl. Ocbl Moaenbaepai CUMNaTTanTbiH TeHAEeYNepai SKCNEPUMEHTTIK
TypAe TabblnfaH KecTederi MOHAEPMEH CaNbICTbIPY amanaapsbl Kacanabl. CanbiCTbipy aManapbiHbIH FblbiMM
HoTUXKeNepi TandaHapl XoHe MepaiH, ilWKi KafblHblH, TepeHairiHe 0alNaHbICTbl TPaBUTALMANLIK ©pPICTi
CUNaTTalTbiH MapameTpaepaiH TepeHdikke 6ainaHbICTbl ©3repy AMHamMMKacbl OOMbIHWA  KOPbLITbIHAbI
}acanapbl.

ep KbIpTbICbIHbIH, TPaBUTALMACBIHbIH CMAATTaManapblHbIH MaTeMaTUKaAbIK MOAENAEPIHIH, WelimaepiH
Tabyna Mathcad 15 KongaHbanbl 6araapnamanap nakeTi KongaHbiaabl. Mathcad 15 nakeTi KemerimeH Kepain,
TbIfbI3/bIFbIHbIH, KbICbIMbIHbIH, XaHE aybIp/bIK KYLWi YAeYiHiH TepeHAIKKe TayenainiriH cunaTralTbiH TEOPUANBIK
*KOHEe IKCNEPUMEHTTIK rpadmnKTepi Kypbiaabl.

TyliH ce3pep: rpaBUTaLMANbIK epic, HepaiH ilKi rpaBUTaumMACchl, epic KepHeyiri, 'Kep KblpTbICTapbIHbIH,
TbIfbI3/1bIFbl }KIHE KbICbIM, CbI3bIKTbIK perpeccus amanbsl, Mathcad 15 nakeTi, TeopuaabiKk Moaenbaep.
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Gravity inside the Earth and its characteristics

At present, the parameters of the gravitational field of the Earth and the Solar System have been studied
comprehensively. The physical regularities of gravitation of the Earth's inner crust have not yet found a
complete solution, although they have been studied for hundreds of years. This article investigates some
physical characteristics of the interior of the Earth from the surface to the center. Based on the results of
recent geophysical studies, a table has been compiled on the basis of experimental data to determine
approximate values of some parameters of the gravitational field (gravity field strength (free fall acceleration),
density of the Earth's crust and its pressure) depending on the depth of the Earth.
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Theoretical models of density, pressure and acceleration of the Earth's crust gravity depending on its
depth were developed. The theoretical models were built using a mathematical method - the linear regression
method. Comparisons were made between the equations describing these models and experimental data.
These scientific results were analyzed and conclusions were drawn on the dynamics of change of parameters
depending on depth, characterizing the gravitational field inside the Earth.

The Mathcad 15 application software package was used in the search for solutions to mathematical
models of the gravity characteristics of the Earth's crust. Theoretical and experimental graphs describing the
dependence of the Earth density, pressure and acceleration of gravity on depth were created with the help of
Mathcad 15 package.

Keywords: gravitational field, internal gravity of the Earth, field strength, density and pressure of the
Earth's crust, linear regression operation, Mathcad 15 package, theoretical models.
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[paBUTaLNA BHYTPUN 3eMIN N ee XapaKTePUCTUKN

B HacToAWee BpemMA KOMMIEKCHO M3y4YeHbl MapameTpbl rpaBuTaumMoHHOro nond 3emam n ConHeYHown
cmcTembl. PUsnyeckne 3aKOHOMEPHOCTWU TPABUTALMM BHYTPEHHEN KOpbl 3eMaW elle He HaWAM MOAHOro
PeleHna, XOTA M3yYaancb COTHM NEeT. B cTaTbe paccmMaTpMBalOTCs HEKOTOpble GU3NYECKME XaPaKTEPUCTUKM
BHYTPEHHOWM YacTh 3eM/IM OT NOBEPXHOCTM A0 LeHTpa. Ha OCHOBaHMM pe3y1bTaToB MPOBeAEHHbIX B Noc/ieaHee
BPeEMA reoPpmnsnyecknx nccaeoBaHnin bolna cocTasneHa Tabanua Ha OCHOBE 3KCMEPUMEHTaNIbHbIX AaHHbIX
Ona  onpedeneHua  MNPUBAMMKEHHbIX 3HAYEHW HEKOTOPbIX MAapameTpoB  IPaBUMTALUMOHHOIO  MoAs
(HanpsaxeHHOCTb (ycKopeHme cBOBOAHOrO NageHMA), NIOTHOCTb 3€MHOM KOPbI U ee AaBfeHne) B 3aBUCMMOCTY
oT rnybuHbl 3eman.

Pa3paboTaHbl TEOPETUYECKME MOAENN NAOTHOCTU, AABAEHMA N YCKOPEHWS CU/bI TAKECTM 3€MHOMN KOPbI B
3aBMCMMOCTM OT ee rybuHbl. TeopeTuyeckne MoAeNn CTPOUANUCL C MOMOLLLIO MaTEMATUYECKOro MeToaa -
MeToAa NMHeHOW perpeccun. bblnmv nposeAeHbl CPAaBHEHWMA YPaBHEHWI, OMUCLIBAIOWMX 3TU MOAENN, C
O3AHHBIMM 3KCMEPUMMEHTOB. bbiM NPOaHaNM3MpPOBaHbl 3TW Hay4Hble pe3y/bTaTbl W CAEeNaHbl BbIBOAbBI MO
OMHAMMKe M3MEHEHMA NapameTPoOB B 3aBMCMMOCTM OT ryOUHbI, XapaKTepm3yoLLMX rpaBUTaLMOHHOE nose
BHYTPU 3emnun.

B nowncKe peLleHnin MaTeMaTUYECKMX MOAENEN XapPaKTEPUCTUK rPaBUTaLLMM 3EMHOM KOPbI MCMOb30BaNCA
nakeT NpuKkNaaHbix nporpamm Mathcad 15. C nomolubto naketa Mathcad 15 6biam co3aaHbl TEOPETUYECKME U
SKCMepUMeHTabHble TPaduKM, OMNMUCbIBAtOLLME 33aBMCMMOCTb MJIOTHOCTU 3eMaW, AaBNAEeHUA U YCKOpPeHuA
rpasuTaLMm OT ryBbuHbI.

Kniouesble cnoBa: rpasuUTaLMOHHOE MOJe, BHYTPEHHAA rpaBuTauva 3emn, HanpAaXeHHOCTb MosA,
NNOTHOCTb W [aBAeHMEe 3eMHOM KOpbl, onepaLma NMHenHon perpeccuu, naket Mathcad 15, TeopeTmnyeckune
MOoZenu.

Kipicne JKOHE  OJapAblH  apachlHAAFbl  KaAIIbIKTHIKTHIH
KBaJpaThiHa Kepi mpomnopimoHan 0ojanbl. Bekrop-
['paBuTalMsUIBIK  ©PIC TEOPHUACBIHBIH HETi3iH  JIBIK TYpAe OyJ1 3aH ObLiaii )Ka3blaabl:
HproToHHBIH OYyKil oQieMAiK  TapThUIBIC  3aHBI

Kypaiizel. Byt 3aH OoibIHINA €Ki MaTepUaIIbIK HYKTE Fo=_G m;m; 2 )
: N 12 = —3 T2
OCBHl HYKTeNepzAi OalIaHBICTHIPATHIH TY3Y CBI3BIK r132

OolibIMEH OarbITTAIIFAH KYIIIICH ©3apa TapTbuUIa/bl.

Byn KymiTiH mamachl op MaTepHAlJbIK HYKTCHIH MyHpaarsl 7, — m; MaccajaH m, Mmaccara Kapai

MaccalapblHbIH KOOCHTIHIICIHE Typa MPONOPIIHOHAT GaFBITTANFAH PATHYC-BEKTOP, Fip — My MACCAHBIH
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my Maccara TapTbUIbIC KYIIi, COHBIMEH KaTap ﬁ1z =
—Fy1. G=6,67101 10
Byn Qopmyna wmaccaHblH Tapanybl cQepanbik
CUMMETPHSUTBI O0JIATBIH ACHENEP/iH aybIPIBIK KYLIIH
ecenrTeyre, HeMece OIPTEeKTI MIapiap YIIiH Kapamabl
0oambl.

bepinren HyKTemeri TpaBUTAIMSUIBIK OPICTIH
KepHEYIIri OpICTIH OepinreH HYKTECIHE
OpHAJACTBIPBUIFAH OIpiK Maccara ocep eTeTiH
KYIIKEe TEeH BEKTOPJBIK mama Oonaapl. MaccaHbIH
Tapaiysl cepanblK CHMMETPHUSIIBI OONATHIH JEHEHIH
HEMece MaTepHalIbIK HYKTEHIH HeMece ACHEHIH
TapThUIBIC  epici  ymiH (121 ochl  cdepaHbly
paanychlHAH YJIKEH HeMece OfaH TeH OOIFaH[a)
TpaBUTAIU KEPHEYIIT1 ObIIail Ka3bLUIIbL:

- 'paBUTAUAIIBIK TYPAKTEIL.

my

—6—37‘21

G= oy
m, %1

(2)

['paBuTaIusl KepHEyNiri opKamaH OCHI ©piCTi
TyJBIPATHIH JA€HeTe OarbITTanFaH. JKep skarnaiibiana
TPaBUTALMSIIBIK  OPICTIH KEPHEYNIrli epKiH TYCy
yaeyin cumnatTaiael. XKepmi MaccaHbIH cgepaiblk
CHMMETPHSUIBI TAPATYBl OPBIHAANATHIH IIAp PEeTiHIe
KaObUIHail OTHIpHI, 013 (2) TeHmeyneH Kepuix
[EHTPIHEH Ke3-KeNTeH KaIIBIKTHIKTaFbl epKiH TYCY
yZAeyiHiH (HeMece aybIpibIK KYIIiHIH Y/eyiHiH)
MOJTYJTIHIH JKaJIbl (JOPMYIIaChIH alaMbl3:

M

myHnarel I > R. R — XKep paguychr.
M
9 =G

R?
Erep rpaBuTanmsaneik epic OipHeme MaccaMmeH
’Kacalica, OHJAa MYHJIAl TpaBUTalMi OPICiHIH
KEpHEYJIT1 CyIepro3ullus MPHHIUITIHE COMKec kKeKe
Maccasiap TyIbIpaThiH §; OpicTepiHiH KepHeyepiHiy
BEKTOPJIBIK KOCBIHIBICEIHA TCH OOJIaIbl:

XKep Oeringeri epkiH Tycy yuneyi

-

Gg=G1+ G+ +Gn=2110i

M HYKTENIK MAacCCaHbIH TPaBUTALMSIIBIK OPICiH
kapacteipaMsi3 (1-cyper). Bi3 m opHanackaH HYKTEHi
R pagmyceimMeH cumartanaTeiH chepamMeH Kopimarl,
ochl chepaHbIH O€Ti apKbUIBI OTETIH KEPHEY aFbIHBIH
eCenTeimis.

bi3 anapiMeH cdepaHbl jKa3bIK A€M CcaHayFa
OonaTelH marbiH OenikTepre Oenemi3 ae ap Oerik
(AS), apKpIIBI OTETIH KEPHEYIIK  aFbIHIBIH
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ecenrreiiMiz.  ComaH KeHiH OCBHl  aFbIHIAPIBIH
KOCHIHABICHIH TabaMbI3. bemikrepaiH opKaicChICHIHA
KEJETIH 71 NepHeHauKyIsap chepa ilmiHEH ChHIPTKA
OarpITTaNFaH Jen ecenreiiik. bynm Oipiik BekTop
OCTKE TYCIPUIT€H CBIPTKBI HOPMAJb JIEH aTaiajbl.
Cdepa Oerinmeri m HYKTENIK Macca OpiCiHIH
KepHeymiri TypakTsl (g = Gm/R?) xoHe CHIPTKEI
HOpMaJIbFa KapaMma-Kapchl OarbiTTa OarbITTANIFaH.
Cdepa Oeti apKbUTBI KEpHEY BEKTOPBIHBIH aFbIHBI

® = —4nR?*g = —4nGm.

KepHey  BEKTOpBIHBIH  aFbIHBI  C(epaHbly
pamnychiHa TOyeNnIi eMec. AFBIHHBIH [IIaMAchl OHBIH
IOIiHAe M Macca OpHajJacKaH OeTTiH MilliHiHEe e
TOYeN/i eMec eKeHIIr ToNeNICH]II.

1-cypet. HykTenik JieHeHiH rpaBUTAIMSIIBIK ©pici

bi3 anmapiMeH cdepaHbl jKa3blK JeN CaHayFa
OomaTelH mIarbiH Oeiikrepre Oenemi3 ae ap Oeutik
(AS), apkpulBl OTETIH KEpHEYJiK  arbIHABIH
ecenteiimMiz. CofaH KeWiH OCHl  aFbIHIAP/IBIH
KOCBIHJIBICBIH Ta0ambI3. beiikTepaiH opKaichIChiHA
KEJETIH 71 NepHeHauKyisap chepa ilmiHEeH ChHIPTKA
OarpITTanFaH jJen ecenreiiik. bym Oipiik BekTop
OeTKe TYCIPUIT€H CBIPTKbI HOpPMAaJb JEH aTajajbl.
Cdepa Oerinjeri M HYKTENIK Macca OpICiHIH
KepHeyJliri TypakTel (g = Gm/R?) xoHe CHIPTKBI
HOpMaJibFa Kapama-Kapchl OaFbpITTa OaFbITTaJFaH.
Cdepa Oeti apKbIIbl KEpHEY BEKTOPHIHBIH aFbIHbI

® = —4nR%*g = —4nGm.

KepHey  BEKTOpDBIHBIH  aFblHBI  Cc(epaHbIH
paanychiHa Tyel i eMec. AFBIHHBIH IIaMachl OHBIH
iIrHIe M Macca OpHajJacKaH OCTTiH MilIiHIHE e
TOYEINII eMeC eKCHIIT1 TSI ICH]II.
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Erep 0i3 ke3-kenreH Typmeri xaObIk OeTTiH
imiHe My, My, ... My HYKTEJIK Maccanapsl
OpHAJIACTBIPCAK, OHAA CYINEPHO3UIMS IPUHIUIIHE
coiiKkec OChl 0O€T apKbUIbl KEPHEYIiH TOJBIK aFrbIHBI
KeJleci TypJie cunaTTanaibl:

k
O = —4nG Z m;
i=1

by tenney ['aycc 3aHpl nen atanansl.
Erep XKepni maccachl cepanblk CHUMMETPHUSITBI

TapaigraH ©Oap map Jenm  caHacak, OI3iH
IUTaHETaMBI3IbIH TPaBUTAIVSUTBIK epiciHig
MOTEHIIMATBI MbIHA TYpJe 00TabI:
M
V(r)=G—.
r
Myngaret r>R. R - XepmiH paamycsl.
'paBuTanusuIblk  TOTCHUOWAN CKaISPJBIK — IIaMa.
Cyneprio3unus TPHUHIOUIIIHE Colikec  OepinreH
HYKTEJIeTl TPaBUTAIUSIIBIK TOTCHIUAN OapiblK N
MaTepHAIIbIK HYKTEJEep/IiH TPaBUTAIUSITBIK

MOTEHIIUANIAPBIHBIH ~ aNreOpablK  KOCBIHIBICHIHA
TEH:

n
V:G(ﬂ+&+...+ ﬂ):GZﬁ (5)

L£] 2 ™

HoTuaxesep ke Tanaay

1 Kepain ki KBbIPTBHICBIHBIH
rPAaBUTALNUSICHIH CHNATTANTBHIH IKCIIEPUMEHTTIK
mauaimertep. Kepaiy, Kynnin sxxone Kyn xyiiecinin
KEHICTITIHAET] Oacka TJIaHeTalapAbIH
TPaBUTAITMSIIBIK OPICIHIH (PU3UKAIBIK HapaMeTpiepi
TCOPUSIIBIK ~ JKOHE  DKCHCPUMEHTTIK  (hU3UKa
TYPFBICBIHAH jKaKchl 3eprrenren [1-2 ]. Aumaiina,
XKepnin imki  KBIPTHICBIHBIH ~ TpaBUTANMSICHIHA
KATBICTHI FRIIBIMU JIEPEKTEP OTE a3.

XKepnin imki ¢usukansk cunarramanapsr 300
KBUIAH acTaM YakbIT OOWBI 3epTTeNinm Kelesi.
DKCIEPUMEHTTIK reo(hM3UKaIBIK 3epTTeynep
Herizinge  Kepmin  TepeHIiriHe — OaiJIaHBICTHI
TPaBUTALMSUIBIK ©PICTIH KEpHEYJITiHiH (aybIpIibIK
KYIIiHIH yaeyi) )Kep KbIPThICBIHBIH THIFBI3IBIFBIHBIH
JKOHE KBICBIMBIHBIH JKYBIKTAIl aJIbIHFAH MOHJICPiH
aHBIKTayFa apHaJIFaH KOITEreH MOJIENbJIED JKacall bl

[3-4]. Ocwl  3eprreynepaiH  SKCIEPUMEHTTIK
JIEpeKTepiH caibICThipa OTHIpEI, 013 KepaiH
LEHTPIHE  JICHIHT1  KAIIBIKTBIKKA  OaiJIaHBICTHI

TBIFBI3JIBIKTBIH, KBICBIMHBIH JKOHE aybIPJIBIK KYIII
YACYiHIH )KyBIK MOHIEPIH KOPCETETIH KEeCTe KYPBIK.

1-kecte — XKep KbIPTHICHIHBIH (PU3UKATIBIK CHITATTAMAIAPEI

’Kep uenTpinen 6371 6171 5324 4311 3451 2416 1380 0
KAIIIBIKTHIK (KM)
Kpiceim (I'T1a) 0 6,50 39,90 88,90 | 138,6 | 2445 | 3239 | 365,7
ToFbI3IBIK (KI/M°) 3100 3460 | 4580 5120 | 5560- | 11460 | 12280 | 12800
10080
AYBIpIBIK KYIIi YIEYi
(m/c?) 9,81 9,91 9,86 9,90 10,20 7,79 5,90 0
2 Kepain ki KbIPTBICBIHAAFLI  JKAIFAacThIpaMbI3. bys1 koHycThl OYyHip OeTi KabaTTaH
rPpaBUTANMSIIBIK  OpicTiH  cumarramajaapbin  AS; ayJaHmanbl KUbIT oTelli. AS; ay/laHIIaHbl oTe a3

TaJ/ayFa apHaJFaH MbIcaJIap.

Mpicad 1. BeTTik ThIFBI3IBIFBI TYPAKThI OIpTEKTI
Kyka cdepanblk KadaT TyAbIpaThIH CQepaHblH
imIiHAer TpaBUTANMSIIBIK OPICTIH JKOK EKEHiH
TTIeNACY Kepek.

Tanpay. [apaslH KanbsIHABIFEL a3 OOJIATHIH
KabaTblH KapacTeipaMbi3. CdepaHbIH imniHaeri kes-
KeJlreH HYKTere KeyieMi eTe a3 OonaTblH M ChIHAK
MaccachlH OpaacThipaMbi3 (2-cyper).

Bi3 kapacThIpsInl OTBIpFaH Kabar Oeringeri AS;
ayJaHIIaHkl Oein anbil, Tedeci M xoHe abaHbl AS;
OoaThlH KOHYC KYpaMbI3 JKOHE KOHYCTBIH OYHip
OeTiH KabartreH ’KaHa KHUBLIBICKA JefiH

mamaga any kepek. Conma AS: xoHe AS;
ayJaHImanapabiH Maccaiapsl M ChIHaK MaccachbIHa
KATBICTBI HYKTEIK Maccayiap Jern caHayra 6omasl. M
CBIHAK Maccachl OCBI ayJaHIIaJapMEH MbIHAHIAMH
YIITEPMEH ocepiece/Ii:

F=G"32 F=G"7 (4
1 2

Byn kymirep kapama-Kapchl OarbITTa OarbITTalFaH.
(1) popmynanap 6oitrama Am, u Am, - AS;u AS;
ayJaHIIanapAblH Maccamapel; i KoHE I — Oy
JleHenepre naeiinri M CBIHaK MaccachIHBIH apa
KaIIBIKTBIFBI. AS1 jkoHe AS; aymaHInanap IIarbiH
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maManap OOJFaHIBIKTAaH, OJIapJbl JKa3blK JIeT
caHayra Oomagsl. CdepanplH ImIiHIZE €Ki KOHYC
canblHFaH. byn koHyctap Oip-OipiHe ykcac. Jlemek,
2—2 = (:—:)2 = 2—2:. Conrsl epHekTi (4) dopmynara
KOSl OTHIpHIT, 013 F; = F,, sran M-miH MaccaiapMeH
OpeKeTTeCyiHiH TEeH 9cepJIi KYIi HeJre TeH.

ASy

O LI

2-Cypet. KasbIHIBIFBI a3 00JIaThIH C(hepaTbIK
Ka0aTThIH IPaBUTAIUSIIBIK OPICIHACTT ChIHAK
Maccacsl

Bykin map kabaTblH OCBHIHAANW KAaCHETKE He

OonaThIHABIKTaH, M MEH KaOaTThIH OPEKETTECYiHIH
TEH ocepii Kymm Heimre TeH Ooiambl XoHEe KadaT
imageri M HYKTECiHIH oOpHajlacyblHa TOyelai
Oonmaiinel. JlemMek, kabaT ilmiHAeri epic KOK.
Mbicaa 2. a) XKepai ThIFBIBABIFL p=5500 kr/M>
OomaTeiH OIpTEKTI CYWBIK IIap AEM CaHail OTBIPHIN

(TeopusblKk ~ Momenb),  JKepaiH — HEHTpiHAETI
KBICBIMIBI ~aHBIKTay Kepek. JKepaiH alHaIysl
eCKepimMeri.

0) JXorapelmarbl TEOPHSUIBIK MOICIH ApKBLIBI
JKepniH eHTpiHE NEHIHTI KAlIBIKTHIKKA OaiiIaHBICTHI
’Kep KbIpTBHICBIHAAFBI KBICBIMHBIH €3repy Trpadurin
cairy. Kecrene kenripiireH op Typili TepeHIKTeri
2Kep KbICBIMBI Typallbl SKCTIEPUMEHTTIK MATiMETTEp
HeTi3iHae HEHTpre TeriHTi KaITBIKTHIKKA
OaitmanbicTel  JKep  KBIPTHICHIHIAFB  KBICHBIMHBIH
e3repyiHiH HaKThI TpadUTiH CaIbIHbI3.

Tangay. a) ToFeBABFb  OipKeNKi  KyKa
chepanblk KabaT TyABIpaTHIH CQepaHblH ilIiHAer
IPaBUTAIMSUIBIK OPICTIH JKOK ekeHi Oenrim (1-
Mbicai). Erep AX-ka0aTThIH KaJIBIHABIFEI 00JICa, OHZIA
013 Ax<<x gen cenreiimi3z. MyHaii xarnaiina kadat
IOTiHAeT1 TapTHUIBIC OPICIH TYPaKThl eI caHayFa
Oonanpl. bynm kabarTteiH AS mIaFeiH ayJaHIIachIHA
HEeHTpre OarbITTaIFaH TAPTHUIBIC KYIII dcep eTe/i:

00JaTBIH  JIIEMEHTTEPMAiIH JKYNTapblHA  Oemyre
4 3
G-gnx p-Ax-AS-p
AF, = >
X

Byt kabaTThIH acThIHIAFEI Ka0aTTapFa THTI3ETiH
KBICBIMBI KeJleCi TeHIEYMEH aHbIKTaIa/IbI:

_AFx_4G 2 A
=g = 30mpTxhx.

Apy

Kep mapel Kyka KOHLEHTpJl KabarTapaaH
Typansl nen caHaiimbiz. CollaH KeiiH OPTaIbIKTaH
Oipleil KaIIbIKTBIKTaFbl KBICBIMBIH P(X)  OapibIK
KabaTTapplH KBICBIMBIHBIH KOCBIHIBICH PETiHIE
KepceTyre 60Iab:

4 .
p(x) = §GT[,0 llmz x; Ax;,

i
AXi—0

MyHaarel | — Kabar peri xoHe I < Xi < R
apaNbIFbIHAAFbl  KabaT  yIIiH  KBICBIMIAp/IbIH

KOCBIH/IBICBIH TabaMbI3:
R
4 2 2 2(p2 _ 2
p(x) = §Grtp xdx = §Grrp (R% —19),
r
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4
=3 Grp?xAxAS.

JKep neHTpiHaeT KBIChIM
p(0) =2 Gmp?R? ~ 1,7:10% w=170 I'la,

0) Mathcad 15 konmanOaibl Oarmapiiamanap

nakeri  apkpuUibl  JKepaiH — LEHTpiHe  JeHiHTI
KAIIBIKTBIKKA OaliJIaHBICTEI Kep 1IiHaeri
KBICBIMHBIH e3repyiHiH TEOPHSITBIK JKOHE

IKCTIEPUMEHTTIK rpadukrepin Kypambi3 (JIuctunr 1).
Mathcad opraceiHna Oarmapiiama Kacangbl >KOHE
OHBl ’Kacayla CBI3BIKTBIK pEerpeccuss amalbl
KosmaneLiasl [6-10].

Teopusinblk rpaduk (KpI3BUI KHCBHIK) JKOHE
OKCIEPUMEHTTIK  JepeKTeplli  Taijgay  apKbUIbI
anpiHFaH  Tpaduk (KOeK KBajgparrap) 3-CypeTrTe
KenTipiuireH.  JKepiaiH — LEHTPIHAE  KbICBIMHBIH
IKCIepUMEHTTIK MoHi 365,7 T'Tla kypaiinsl. XKep
OeTiHe KaKplH aliMakTa, TEOpUsS MEH IKCIIEPHMEHT
coiikec  kenmeni. bipak  ynkeH — TepeHHiKTe
THIFBI3JBIKTBIH, T€3 ©CyiHe OaiJlaHbICTBI KBICHIM
Kepnin TeopusibIK MOETIHE KapaFaHaa Te3 apTaIbl.
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R = 6400-10°

p=5500 R G=66710 "

P

2 ( .-
p(r) = HE]-G-n-pZ(RZ - rz,]—‘-lll ?
r= (0 1330 2416 3451 4311 5324 6171 6371)'-10°

p2 = (365.7 3230 2445 138.6 88.9 39.9 6.5 [I)T

k=3 5, = regress(r,p3.k)

p0=D30 pR=3100 R=67LI0 a:%
pri=pl-ar
r=(0 130 2416 3451 3651 1 54 671 @) 16

go= (12500 12250 11460 10080 5560 S420 4530 3460 3109

k=3 s = regressir g k)

JIuctunr 1

3-cypert. XKepiH 1eHTpiHe NEHIHT1 KAIIBIKTHIKKA
OaitmanpIcThI JKep imiH/eTI KBPICBIMHBIH ©3TepYiHiH
TEOPHSUTBIK KOHE IKCIIEPUMEHTTIK rpaduKTepi.

Mpbican 3. Kecreme xenripinren op Typ:ii
TEePEHJIIKTEr1 Kepnin TBIFBI3IBIFBI Typajbl
SKCHEPUMEHTTIK MOJIIMETTEep/Ii MaiijanaHa OTBIPHII
YKepniH neHTpiHe NEeHIHT1 KAIIBIKTHIKKA 0aiiIaHBICTHI
JKepliH THIFBI3ABIFBIHBIH  ©3TEPYIHIH TEOPHUSIIBIK
KOHE IKCIIEPUMEHTTIK TpaUKTEpiH calmy Kepek.

Tangay. Kecrene kenTipinreH 3KCHIEpUMEHTTIK
TBIFBI3JBIK JIEPEKTEPIHE TaNAil OTHIPBIN OTBIPHII,
JKepliH THIFBI3ABIFBI TYPAKThI IlIaMa €MeC, Ol
TEePEeHJIIKKEe OaiIaHbICThl aPTa (bl IETCH KOPBITHIH/IBI
skacanansl. Ocel ¢axkTopra CyHeHe OTBIpbIN, 013
JKepaiH THIFBI3ABIFBIHBIH ~ ©3TEPYIHIH  CHI3BIKTHIK
TeHJeyiH  kazambi3. JKepaiH  UGHTpIHEH T
KAIIBIKTBIKKA TYEJ Il THIFBI3ABIK CBI3BIKTHIK 3aHFa
coiikec esrepemi dern caHabbik: of) = po - a T,
MyHAarbl po = 12800 Kr/M° - XKepniH neHTpiHgeri

TeiFbI3aBIK. P(R)= p =3100 kr/M®, o > 0 — TypakTsl
_ Po—P

mama. Ecenteynep mbiHa MoHai Oepeni: a = &

R
1,52-103kr/M* .

XKepaiH  THIFBI3IBIFBIHBIH, ~ OHBIH  IICHTpiHE
JIEHIHT1  KAlIBIKTBIKKA  OaiJIaHBICTBl  CHI3BIKTHIK
TOYeNJUNriHiH rpaduriH  (KbI3BUT CBI3BIK) JKOHE
KeCTeZle KOPCETIITeH dp TYPJl TEPEHIKTEr1 JKepIiH
THIFBI3BIFBI TyPaJIbl SKCIIEPUMEHTTIK MOTIMETTEPIiH
rpadurin canaiblk (kex kBagpatTtap) (Jluctunr 2
JKoHE 4-cyper).

JIuctunr 2

4-cypet. YKep KbIPTHICHIHAAFBI TCOPHSUTBIK, KIHE
9KCTIEPUMEHTTIK THIFBI3JBIKTApbIH JKep 1eHTpine
JIEHIHT1 KalIbIKTHIKKA OaiIaHBICTHI TpaQUKTepi

Mpbican 4. IlnaHeTaHblH IEHTpiHE JCHIHTI
KAIIBIKTBIKKA ~ OaiyaHbicThl  JKepiH  TapThUIBIC
epicinzmeri  g(r)  aybIpiBIK  KYUIHIH  YHIey
[IaMajapblHbIH (HEMece TPaBUTALUSIBIK OPICTiH
KEepHEYJITiHIH) TOyeIJunK rpaurH caimy Kepek.

JKepniH THIFBIBABIFBI  TYpPaKThl IIaMa  OOJIBII
caHallabl.
_.
-

5-cypert. Bipiik ceiHaK Maccachbl MeH paanychl R
0oNaThIH Map apachIHIAFkl ©3apa OPEKETTECY

Tannay. bi3 >xorapeiga aTam eTKeHiMi3zeH,
OipTeKTi map CHIPTKBl aliMakTapAa OHBIH OYKiT
Maccachl LEHTPAE MIOFBIPIAHFAH CUSKTHI TapTHUIBIC
epiciH kacalmel. JleMek, raHeTagad THIC ayBIPIIBIK
kymri  ymeyi (3) dopMynama KepceTuireH 3aH
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OoiipiHINIA e3repefi. Bipmik ChIHAK MaccachlH Iap
IIEHTPiHEH I  KAIIBIKTBIKTaFBl A HYKTeCiHe
opHanacTelpameI3, T < R (cyper.5) Bipinmi Meicanga
aTar eTKeHJel, OyJl MaccaHbIH cQepalblk KabaTneH
opeKeTTecy KyIIi Helre TeH. JleMek, ChIHaK Maccachl

4 .
maccacsl m(r) = gnr3p = Mr3/R® GomarelH iniki
IIAPMEH FaHa OPEKETTECE i, MYHIIAFbl P — THIFBI3IIBIK,
M — map wmaccacer, R — Xepain paamycsr. A
HYKTECIHJIeT1 yey:

m(r) Mr r
=G5 =9rp Q)

g = G—3

MyHzarsl I < R xone gg = G % ~ 9,81 m/c?.
Ocpumaitma, JKep  KBIPTBICBIHOAFBI  VAEY
TUTAHETAHBIH IICHTPIHEH eCENTEeNETIH KAaIIBIKTHIKKA
Typa MpOMOPILHOHAIABI TYPAE e3repelli. gr IIaMachl
- XKep Oetinmeri aybIpibIK KYIIiHIH YACYi.
An XepneH Teic aliMaKTa

R R?
90 = TP =ga, 2R (6)

r2

(5) xone (6) Tenneynepain rpadukrepi 6 - cyperre
oepinren (JIuctunr 3).

2=981 R = 6400.10°

; 2
R
G1(r1) = g-[H]

[ r
S = g'[ﬁ] r = 0,400-10° _ 6400-10°

rl = 6400-10° .6800-10° _ 15000-10°

JIuctunr 3

Gin

Lo o d
Gl(rl)
*ee 3

6400 lf)‘

1 +
<10 1.5<10
rrl

6-cypert. JKeplliH KbIPTHICHIHAAFBI (KBI3bLI ChI3BIK) KOHE CHIPTKBI allMaKTap IaFbl aybIPJIbIK KYIIi

yAeyiHiH rpadu

[InaneTaHblH  THIFBI3ABIFBI  TYPAaKTBl  J€I
eCenTeNeTiH jkarnainapiaa JKep KbIPThICHIHIAFBI
ayBIPJIBIK KYLIiHIH YACYiH aHBIKTaWTBIH (OPMYyIIaHbl
(5) JKep KbIpTBICHIHIAFBI TPAaBUTALMSIBIK OPIC
KEpHEYJIITiHIH OIpiHIN TEOPHSUIBIK MOZEI e
atayra OoJyiafibl. OKCIIEPUMEHTTIK MOJIiMETTepre
cyiiene oteipein  (Kecte) 613 4 - wMblcanga
KapacThIPbUIFAH  TEOPUSUIBIK ~ MOJEJBIIH — TOJBIK
OpBIHATIMAUTHIHBIHY OlJIe aambI3.

KepaiH THIFBI3ABIFBI TYPAaKTHl IIaMa €MeC, Ol
TepeHaiKKe OainaHbicThl apTansl. byn ¢akrop Oyn
KeJIeci TEOPHUSUTBIK MOJIENBIIC ECKEPIIII.

Mpican 5. KepmiH meHTpiHe — JIeHiHTI
KAIIBIKTBIKKAa OalmaHblcTel JKepHiH THIFBI3IBIFBIH
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KTepi (KOK KUCHIK)

CBI3BIKTHI TYPJAE OCEMl JETEH TEOPHSUIBIK TYXKBIPHIM
»acaii otTbIpein, JKepiH InriHAeri rpaBUTAIUSIIBIK
OpICTIH KEpHEYJIriHIH TEOPUSUIBIK MOJENiH KYpy
KaxeT (SKiHII TEOPUSIIBIK MOJICTIb).

Tannay. Ous3nkaibK Oarajgay amMajblH jKacay
YIIiH  TBIFBI3ABIKTBIH ~ ©3TepyiHiH  KapamaibiM
CBI3BIKTBIK ~ 3aHBIH  TaHAAWMbI3.  3-MbIcajia
kenTipiiredn JKepHiH ThIFBI3ABIFBIHBIH —IICHTPACH
KAIIAaKTBIKKA ~ TOYeNJl  CBHI3BIKTBIK  TEHJCYIH
KOJIJIaHAMBI3.

XKepaiH KbIpTBICHIHIAFBI PAIUYChl I' OOJATHIH
MapIbIH MaccachlH ecenTeMis. byir mapasiH meHTpi
JKepnin neHtpine colikec keneni. r < R:
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m(r) = [p(r)dV = [(py — ar) - 4nr?dr = 4nr3 (% — %r) +C,

(por —

3ar?
).

m@O) =0 = C. g(r) = =3 = ¢
gr=0G % = @ OONFaHIBIKTaH

TEHJCYl TabaMbI3:

TOMEHIET]

(7)-popmymna - 6yu1 XKepaiH inmriHAETT TpaBUTAIHSIIBIK
OpICTIH KEepHEYIITIHIH eKiHwi meopusnblk Mooeli.
byn ¢ynkmusasr MathCAD 15 makeri kemeriMeH
3epTTeil OTHIPHIN, 0i3ae Keyeci TpaguKTepi anaMbi3
(JIuctuar 4 xoHe 7 cyperrep). XKacwln CBIBBIK -

Do T 3 po—p T2 OipiHII TEOPUSIBIK MOICNIbIIH Tpaduri, KbI3BLIT
g(r) =gr|—- R 2 p— (E) (7)  xucwIK - exinmi TeopusIbIK Mosienb. Kok kBagpartap
P P - JKep KBIPTHICHIHIAFBI AYBIPJBIK KyII YACYiHIH
AKCIIEPUMEHTTIK IEPEKTEPI.
po = 12800  pR = 3100 g 951 R~ 6371-10" p = 5200
2
. \ L po A p0-pR [ r
Glr) = (r): / .
l"Rv’ . q‘,pk 4 P |R|
ro= (0 1380 2416 3451 4311 €324 6171 6371) -10°
gy (0 590 7.79 10L20 990 986 991 931 'I
k A 5 regressir,g» k)
Jluctunr 4
6371 107
g(r)
OO ;
o3 |
LE o
G r)
L=

0 2108

4<10% 6x10%

T-cypert. XKep KaOaThIHBIH SPTYPJIi TEPEHAITIHACTI aybIPJIBIK KYII YASYiHIH MOHAEPiH oHe XKepain
HEHTpPiHE JICHIHT1 KaIIBIKTHIKKA OaiiIaHbICThI OCHI YICY/IiH IpadriH aHbIKTayFa apHAIFaH SKCIICPUMEHT
HOTHXeNepi

Kep KbIPTHICBIHIAFbI TPABUTAIUSIIBIK OPICTIH
KEpHEYJITiHIH  eKIHII  TEOPUSUIBIK  MOJIEIiHIH
(U3UKABIK cumnaTTaMaiaphbl AKCIIEPUMEHT
HOTHIKEJIEPIHE JKaKbIH €KeHIH Oaiikayra 0oJabl.

KopbIThIHABI
Xep KbIPTBICHIH TeO(U3MKAIBIK 3€pTTEYiH
SKCHEPUMEHTTIK MOJIIMETTEPiH TEOPUSIIBIK

MOJICIBICPMEH CallbICThIpa OTBIPBII  TOMEHCTI

FBIJIBIMH HITHKCIICPI'C KOJ JKETTI:

- XKepai THIFBI3ABIFEI TYPAKTHI AP PETiHIE aia
OTBIPBIII  OHBIH  KBIPTBICBIHAAFbl  KbICBIMHBIH
TEPEHJIKKE Ty TEHACYl KYPBUIAbI KOHE OCHI
TEOPHUSIIBIK MoJiMeTTep MeH JKep KBIPTHICHIHBIH
KBICBIMBIHBIH KCIIEPUMEHTTIK MOHEPI apachIHIarsl
YKCACTBIKTAap MEH albIPMaIIbIIBIKTAP aHBIKTAIIbI;
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- Kecrene OepinreH op Typil TEpPEeHIIKTEri  KeCTENEeri MOHACPMEH  CalBICTBIPY  aMaljapsbl
XKepain THFBI3IABIFB  Typalibl OKCIEPUMEHTTIK  JKacaJJibl XKOHE FhIIBIMU HOTHXKEIEPi TaJIaH/IbI;
MOJIIMETTEP i Maiaanana oTeIpsI JKepIiH meHTpine - JKep KBIPTHICHIHBIH  T'PaBUTAIUSACHIHBIH
NEHIHrT  KallbIKThIKKAa ~ OaimaHbicThl  JKepniH  cumaTTaManapblHBIH —MaTeMaTHKAJBIK — MOJENaepi
THIFBI3ABIFBIHBIH  CHI3BIKTHIK (YHKIMACHIHBIH koHe Mathcad 15 xonmanOamer OarmapmaManap TMakeTi
SKCIIEPUMEHTTIK MAJIIMETTEPIiH TEPEHIIKKE TOyelIi  KOMETIMeH Kacallibl.
©3repyiHiH rpaduKTEepi Kacabl;

- JKep KBIPTBHICHIHBIH TEPEHIIIKKE OalIaHBICTHI Kap:kbuianabipy
aybIpIBIK KYII YISYiHIH TEOPHSUIBIK MOJAEThAepi
xacanapl.  Mopenpaepai  Kypyda  CHI3BIKTBIK byn 3eprreymi Kazakcram PecmyGnmkace

perpeccust aTThl MATEMATUKAJIBIK 9IC KOJIAHBULABI,  FBUIBIM OHE KOFAphI O1J1iM MUHUCTPIIITIHIH FHUIBIM
- AtamraH = MOIEIBIEPAlI  CHIATTANTBIH  KOMMTETI KapyKblUIaHABIPabL, rpanT Ne AP23487389
TEHICYNEepAl OKCIIEPUMEHTTIK Typae TaObUIFaH
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